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Introduction

This technical memorandum describes the development of an updated hydrogeologic
conceptual model and a site-scale numerical groundwater flow model at the Reynolds
Metals Company (RMC) aluminum reduction facility in Troutdale, Oregon. The site-scale
numerical flow model was constructed as a tool to evaluate the effectiveness of various
groundwater remedial alternatives for the multi-layer aquifer underlying the facility. The
model was also constructed to support the groundwater baseline risk assessment and
subsequent analyses of the degree of risk reduchon that would occur under various
groundwater remedial alternatives.

The term “site-scale” pertains to the model’s ability to simulate the groundwater flow
system at and near the facility, including aspects of surface water-groundwater interactions
and RMC production well pumping. Groundwater flow directions and velocities at the site
are influenced by precipitation recharge, shallow surface drainages (South Ditch, Salmon
Creek), the shallow dewatering system at the bakehouse, Company Lake, production well
pumping, and the Columbia and Sandy Rivers (which fluctuate in response to tides,
precipitation, and dam releases). Because of the number and complexity of influences on the
groundwater system, RMC concluded that a numerical model would be useful for evaluat-
ing the effectiveness of proposed groundwater remedial alternatives.

The site-scale numerical flow model was constructed using information presented in the
Preliminary Conceptual Hydrogeologic Model (CH2M HILL, March 21, 1996) and recent data
collected at the facility. The primary source of additional data was the Fairview Farms ' )
aquifer test, a 26-day test conducted in September 1997 (CH2M HILL, July 23, 1998). The
purpose of the aquifer test was to provide water level data on and around the RMC facility
under pumping conditions that would facilitate model calibration. The test was specifically
designed to stress the aquifer to a sufficient degree that the model calibration effort would

be able to evaluate the sitewide effects of pumping onsite and from the Fairview Farms
property. The understanding of the site hydrogeology was greatly refined during the course
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DEVELOPMENT OF AN UPDATED HYDROGEOLOGIC CONCEPTUAL MODEL AND A NUMERICAL GROUNDWATER FLOW MODEL AT RMC-TROUTDALE

of the model construction and calibration effort, based on the simulation of the Fairview
Farms aquifer test. Consequently, this technical memorandum documents not only the
numerical modeling work, but also the revisions to the conceptual model that pertain to the
construction, calibration, and predictive use of the numerical model.

Organization

This technical memorandum is organized in two main sections, as described below.

Section 1: Updated Conceptual Hydrogeologic Model

Section 1.1: Recent Data Collection Activities. This section describes the primary data
collection activities that have been performed at the facility since the publication of the
Preliminary Conceptual Hydrogeologic Model (CH2M HILL, March 21, 1996). '

Section 1.2: Regional Geologic Framework. This section presents updated interpreta-

tions of the regional geology, including the regional hydrogeologic structure and
regional stratigraphy.

Section 1.3: Site Geologic Framework. This section discusses the site stratigraphy and
the elevation of the base of the unconsolidated water-bearing deposits underlying the
site.

Section 1.4: Site Hydrogeology. This section discusses the hydraulic properties of the
aquifer and the influence of river stages and wellfield pumping on groundwater flow in
each water-bearing zone. This section includes discussions of groundwater response
data for the 26-day Fairview Farms aquifer test, including groundwater elevation

contour maps and hydrographs of groundwater elevations and vertical gradients at
observation well clusters.

Section 1.5: Onsite Surface Water Features and their Interaction with Groundwater.
This section describes the interactions between groundwater and surface water features
both onsite and north of the flood control dike.

Section 2: Numerical Model Development

L

Section 2.1: Model Objectives and Model Selection. This brief section describes the
modeling objectives and the software that was used.

Section 2.2: Model Construction. This section includes discussions of the model
layering, boundary locations, boundary conditions, and design of the model mesh.

Section 2.3: Model Calibration. This section presents a discussion of the model
calibration effort, including the establishment of calibration criteria, the comparison of
simulated and observed water level responses to the Fairview Farms aquifer test.

Section 2.4: Calibration Check. This section describes particle-tracking analyses that
were conducted to evaluate the model’s ability to simulate the groundwater flow
patterns that have governed the distribution of fluoride in groundwater. The particle-
tracking analyses evaluated long-term historical pumping patterns, as well as a
hypothetical no-pumping scenario.

PDX18204.00C B 2
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This technical memorandum contains the following appendixes:

Appendix A: Fairview Farms Aquifer Test
Appendix B: Description of Micro-Fem® Groundwater Flow Model
Appendix C: Well Locations with Fixed Nodes in the Finite-Element Mesh

Appendix D: Construction Summary of Groundwater Monitoring Wells, Production
Wells, and Other Wells :

Appendix E: Elevation Data for the Base of the Silt Unit and the Top of the Older Rocks
Unit

Volume 1 of this technical memorandum contains the text, tables, and appendixes.
Volume 2 contains the figures that are referenced in Volume 1.

Nomenclature for Water-Bearing Zones

The unconsolidated sediments within the uppermost regional groundwater system beneath
the RMC facility have been subdivided into four water-bearing zones during the course of
the investigations conducted since 1994. The four zones are defined by the site stratigraphy

and the depths at which monitoring wells have been constructed. These four zones and their
nomenclature are:

Silt Unit. Where present, the silt unit extends from ground surface to approximately

30 feet below the ground surface (bgs). The silt unit is also referred to in this report as
the “silt.”

Upper Gray Sand (UGS). The UGS extends to a depth of approximately 50 feet bgs. It is
present at ground surface north of the flood control dike and lies beneath the silt unit
south of the dike.

Intermediate Sand. The intermediate sand extends from the base of the UGS to a depth
of 100 feet bgs and is also referred to in this report as the “Intermediate Zone.”

Deep Sand/Gravel. The deep sand/gravel extends from the base of the intermediate
sand to a depth of 200 feet bgs and is also referred to in this report as the “Deep Zone”
or “Deep Sand.”

PDX182D4.00C . 3







o~
o

SECTION 1

Updated Conceptual Hydrogeologic Model

The current conceptual model of the hydrogeology at RMC-Troutdale is based on a
preliminary conceptual model and on subsequent data collection activities. The Preliminary
Conceptual Hydrogeologic Model (CH2M HILL, March 21, 1996) presented detailed discus-
sions of the regional and site geology, groundwater and surface water hydrology, and
groundwater and surface water quality. The report also presented a local groundwater use
survey, geologic logs for monitoring wells and production wells (onsite and offsite), and
results of short-term aquifer tests and slug tests conducted during 1995. This information
and subsequent data collection activities are pertinent to model construction and calibration.
This section of the technical memorandum discusses the scopes and objectives of the
additional data collection activities and presents the aspects of the updated conceptual
hydrogeologic model that pertain to the modeling work.

1.1 Recent Data Collection Activities

Numerous data have been collected at the facility since the publication of the Preliminary
Conceptual Hydrogeologic Model (CH2M HILL, March 21, 1996). The following data collection
activities were of significance to the modeling effort. (See Figure 1-1' for the locations of key
site features, including RMC'’s active production wells and existing groundwater monitor-
ing wells.)

1.1.1 Sitewide Aquifer Testing Program

This program is described in Technical Memorandum No. GW-16: Aquifer Test Results, RMC-
Troutdale (CH2M HILL, July 23, 1998). The objective of this program was to collect data that
could be used to calibrate the site-scale numerical flow model and that would improve and
update the conceptual hydrogeologic model. The specific tests conducted were:

¢ The Fairview Farms aquifer test, which was a 26-day aquifer test conducted during
September 1997 that involved pumping two deep RMC production wells (PW03 and
PW07) and a deep well in Fairview Farms (FF04). The test is described in Appendix A.

e Slug tests at 35 monitoring wells completed in the upper gray sand (UGS) and the
intermediate and deep sand zones. Slug testing of wells contained in the silt unit was

described in the Preliminary Conceptual Hydrogeologic Model (CH2M HILL, March 21,
1996). i ' -

o Short-term aquifer testing of 12 monitoring wells completed in the UGS. The wells were
pumped at constant rates for periods of 5 to 8 hours using a Grundfos® centrifugal
pump.

1Al figures are bound separately in Volume 2. All tables appear after the text of this technicai memorandum.
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1.1.2 Installation of Additional Monitoring Wells

Sixty-three new monitoring wells and 22 shallow piezometers were installed during 1996

- and 1997. The geologic data and water quality data collected from these locations improved

the understanding of the site hydrogeology and the nature and extent of fluoride in
groundwater.

1.1.3 Geoprobe® Installation

Forty-eight temporary Geoprobes were installed throughout the RMC property during
August 1997 to improve the understanding of the nature and extent of fluoride in ground-
water. This work is described in Technical Memorandum No. GW-12: August 1997 Quarterly
Groundwater Monitoring Results (CH2M HILL, December 18, 1997). During the model
calibration process, concentration contour maps constructed from these data (and from
monitoring well data) were compared with particle-tracking results from the model to
assess the quality of the model calibration.

1.1.4 Groundwater Level Monitoring

Monthly rounds of sitewide water level measurements were conducted from 1996 through
1997. Quarterly rounds were conducted during 1998. These data, which have been reported
in monitoring reports throughout this period, show the effects of increased pumping from
the RMC production wells during these years. This information has improved the under-
standing of the effects of pumping on vertical gradients beneath the RMC property. In
addition, continuous water level data were collected in the Sandy and Columbia Rivers and
in adjacent monitoring wells over a 1-month period following completion of the Fairview
Farms aquifer test. This monitoring was performed to improve the understanding of
groundwater/surface water interactions and is described in the Draft Surface Water and
Sediment Areas Addendum to the RI/FS Work Plan (CH2M HILL, April 3, 1998). In addition to
the data collection for the aquifer test and the analysis of groundwater/surface water

interactions, continuous water level monitoring was performed at various monitoring wells
from 1995 through 1997.

1.1.5 Soil and Debris Area Field Investigation Programs

Investigations were conducted during 1997 and the summer of 1998 on the nature and
extent of fluoride in debris and underlying soils (the silt unit and the UGS). The 1997
investigations are described in Technical Memorandum DS No. 16: Data Summary for the Soil
and Debris Areas Addendum to the RI/FS Work Plan (CH2M HILL, December 15, 1997). The
1998 investigations are described in Appendix B of the Draft Groundwater Remedial
Investigation Report (CH2M HILL, in progress).

1.1.6 Data Collection at Company Lake and South Ditch

Physical data and fluoride concentration data collected at these two locations are
documented in several technical memorandums: -

o Technical Memorandum DS No. 15: Company Lake Supplemental Data Summary
(CH2M HILL, March 26, 1997)
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o Technical Memorandum DS No. 17: Data Summary for the Wastewater Discharge Areas
Addendum to the RI/FS Work Plan, Part 1 (CH2M HILL, December 12, 1997)

o Technical Memorandum DS No. 18: Data Summary for the Wastewater Discharge Areas
Addendum to the RI/FS Work Plan, Part 2 (CH2M HILL, June 17, 1998)

These documents include topographic data for the bed of the ditch, bathymetric data for the
lake, permeability data for the process residue and underlying sediments, and a water
balance for the lake that estimated the leakage rates to groundwater during the Fairview
Farms aquifer test.

1.1.7 Additional Data

In addition to the data collection activities at the site, additional hydrogeologic data in the
surrounding area became available. Most significant to the model calibration effort was a
report prepared for the Portland Water Bureau (PWB) that presented geologic logs and
interpretations from monitoring well construction activities conducted at the Blue Lake
Aquifer (BLA), which extends west from the western boundary of Fairview Farms. This
report (Roger N. Smith Associates, Inc., 1997) provided information that refined the under-
standing of the location of the eastern extent of the BLA.

1.1.8 Elements of the Conceptual Hydrogeologic Model

The rest of Section 1 presents the following information pertaining to the refined hydro-
geologic conceptual model:

* Arefined understanding of the geologic framework, which includes:

- Refinements to the regional and site-scale geologic cross sections and construction of
two new site-scale sections :

- A contour map of the elevation of the base of the regional unconsolidated aquifer
system [which consists of the Unconsolidated Sedimentary Aquifer (USA) and the
underlying Sand and Gravel Aquifer (SGA)] |

* A refined understanding of the groundwater system beneath the site, including:

- Hydraulic properties of each unit (including horizontal and vertical hydraulic
conductivities)

- The effects of production well pumping and river stage fluctuations on horizontal
and vertical groundwater flow patterns '

» Onsite surface water features and their interactions with groundwater

1.2 Regional Geologic Framework

As discussed in the Preliminary Conceptual Hydrogeologic Model (CH2M HILL, March 21,
1996), the primary hydrogeologic units beneath the RMC site are the USA and the SGA. In
areas south and west of the site, these two units are present along with the Troutdale

Sandstone Aquifer (TSA) and two low-permeability units that are called Confining Units 1
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and 2 (CU1 and CU2). A productive unconsolidated unit, the BLA, also lies west of the RMC
facility. The following subsection discusses the regional hydrogeologic structure and
stratigraphy.

1.2.1 Regional Hydrogeologic Structure

Figure 1-2 shows a surface map of the hydrogeologic units present near the RMC facility.
This figure also shows the locations of subsurface geologic cross sections A-A” and B-B’,
which are presented in Figures 1-3 and 1-4, respectively. The map and sections have been
prepared from reviews of geologic logs for production wells and monitoring wells
completed in the area. In addition, the preparation of these sections has incorporated
interpretations contained in reports by Swanson et al. (1993), Bet and Rosner (1993), and
Roger N. Smith Associates, Inc. (1997).2

The surface geologic map shows the following structural features:

o The RMC facility is situated on top of the USA. In areas west and southwest of the site,
the Troutdale Formation [consisting of the TSA and the Troutdale Gravel Aquifer
(TGA)] is exposed at the ground surface in many locations. These exposures compose a
dome that is the structural high point of a large regional fold. Information from borehole
geophysical logs and other well logs indicates that the northeast portion of the structural

dome was cut by the east-west trending fault shown in Figure 1-2 (Bet and Rosner,
1993).

o Along the northeast flank of this structural dome, the Troutdale Formation is absent.
This is likely the result of erosion that occurred during large-scale flooding events
associated with outbursts from Pleistocene-age glacial Lake Missoula. The flooding
removed the Troutdale Formation after it was uplifted, creating a trough along the fault
plane that was subsequently filled with the coarse paleo-channel sediments that
constitute the BLA (Bet and Rosner, 1993).

1.2.2 Regional Stratigraphy

The stratigraphy in the vicinity of the RMC facility is shown in the two regional cross
sections (Figures 1-3 and 1-4).

1.2.2.1 West-East Regional Croés Section

Figure 1-3 is a west-east trending cross section (A-A’) that shows the following:

e The unconsolidated materials that form the USA beneath the RMC facility were

deposited into a deep trough by the Columbia and Sandy Rivers. This is indicated by the
following observations: N

- Confining Units CU1 and CU2, and the regional water-bearing units (including the
TGA and TSA), are not present beneath the USA in the RMC site vicinity. Their
absence is thought to be the result of erosion by the ancestral Columbia River.

2 Large-scale regional cross sections of the Portland Basin are not presented in this report because several of the aquifer units
within the basin are not present in the vicinity of the RMG site. Refer to Plates 1 and 2 in Swanson et al. {(1993) for regional
cross sections of the Portland Basin.
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— The well logs for the deepest RMC production wells (PW10 and PW14) indicate the
presence of relatively uniform sands within the USA, with the upper portion of the
underlying SGA consisting of a mixture of sands with occasional silt and gravel
layers having variable colors and degrees of lithification. Deeper portions of the SGA
contain mixtures of sand, gravel, and cemented gravel. The heterogeneity and depth
of the deep SGA materials suggests that they are deposits from both the Columbia
and Sandy River systems that were dropped into a deep trough. The upper SGA,
which has a greater percentage of sand than the lower SGA, may also consist of bed-
load deposits from both river systems. In contrast, the USA deposits are delta
deposits associated with the Sandy River bed load, which consists of gray sands.

The well log from the deepest RMC production well (PW10) indicates a hard shale zone
at about 550 feet below the ground surface (bgs). It is probable that the shale referenced
on the driller’s log is a thin, platy basalt sequence rather than an actual shale unit, and it

therefore likely represents the top of the Older Rocks sequence defined by Swanson et al.
(1993).

Between the BLA and the RMC facility, the geologic contact between the SGA and the
overlying USA is based on the geologic logs for PWB monitoring wells BLA-3 and
PWB-5 (Roger N. Smith Associates, Inc., 1997) and RMC production wells PW10 and
PW17. The top of the SGA is defined at wells PW10 and PW17 by a contact between
sands and underlying fine-grained materials (defined in the drillers” logs as silt, sandy
silt, clay, and hard-packed sand). At monitoring well PWB-5, the top of the SGA is '
defined by the contact between relatively unconsolidated sands and silts and underlying
semiconsolidated deposits of gravel and sandstone.

The BLA's eastern edge lies approximately 1} miles west of Sundial Road, which forms
the western property boundary of the RMC facility. The eastern extent of the BLA is
defined by the recent installation of PWB monitoring wells BLA-3 and PWB-5 (Roger N.
Smith Associates, Inc., 1997) and from inspection of geologic logs for City of Portland
(COP) well Nos. 13,17, and 18. These data indicate that the upper portion of the BLA is
bounded to the east by CU2.

The upper USA water-bearing zone overlies the BLA and is likely in hydraulic com-
munication with it. On the basis of drillers’ logs for COP production wells and monitor-
ing wells, the BLA and SGA are thought to be separated by CU2. The material beneath
the BLA at COP well No. 13 is interpreted to be CU2, rather than the SGA, based on the
geologic log’s description of blue clay directly beneath the BLA at a depth of 173 feet
bgs. In addition, the remaining drilled depth encountered blue clay and other materials
as described in the geologic log. However, the CU2 may be absent beneath a limited
portion of the BLA according to other published geologic cross sections (Roger N. Smith
Associates, Inc., 1997), leaving portions of the BLA in possible hydraulic connection with
the SGA.

Compared with the cross section (Figure 3-4) contained in the Preliminary Conceptual Hydro-
geologic Model (CH2M HILL, March 21, 1996), the west-east regional cross section (A-A’) was
revised as follows: : -
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The eastern extent of the BLA was refined using recent geologic data. The revision was
based on the geologic log for PWB monitoring well BLA-3 (Roger N. Smith Associates,
Inc., 1997) and geologic logs for COP well Nos. 13, 17, and 18. These data indicate that
the upper portion of the BLA is bounded to the east by CU2.

The material beneath the BLA at COP well No. 13 was reinterpreted to be CU2, rather
than the SGA. This is based on the geologic log’s description of blue clay directly
beneath the BLA at a depth of 173 feet bgs. In addition, the remaining drilled depth
encountered blue clay and other materials as described in the geologic log.

Between the BLA and the RMC facility, the geologic contact between the SGA and the
overlying USA was refined based on the geologic logs for PWB monitoring wells BLA-3
and PWB-5 (Roger N. Smith Associates, Inc., 1997).

1.2.2.2 Northwest-Southeast Regional Cross Section
The northwest-southeast trending cross section (B-B’ in Figure 1-4) depicts the following:

The USA is present as a 200-foot-deep sedimentary channel beneath the RMC facility. It
thins dramatically beginning approximately one-half mile southeast of the site. In this
area, the USA is underlain by the TSA and CU2, which both lie above the SGA. Farther
south, near the City of Troutdale, the geologic log for COP well No. 4 shows the thicker
sequences of both the TSA and CU2. COP well No. 4 taps groundwater from the SGA at
depths between 493 and 563 feet bgs.

The deepest materials encountered under the site are the basalt flows and consolidated
volcanic rock debris associated with the Older Rocks unit. The unit crops out in the
Columbia River to the north-northwest of the site. Exposures are observed at Ione Reef
(about river mile 120) and at the eastern border of Lady Island.

The top of the Older Rocks unit dips sharply to the south and, south of the site, is
present at a depth exceeding 750 feet, based on the geologic log for the Troutdale
Airport well. The log for this well, which was drilled using air rotary methods, indicates
that the materials consist of interbedded layers of blue sands, blue clay, and “broken
rock” from a depth of about 261 feet to the well’s total depth (750 feet). This description
makes it difficult to interpret whether these materials are associated with the SGA or
with the Older Rocks. However, the log does indicate that the static water level in the
well (which is screened over a depth interval of 435 to 750 feet) was recorded as 20 feet
bgs after completion of the well. This depth is equivalent to an elevation of about 10 feet,
which is similar to the average stage in the Columbia River. In addition, the spec1f1c
capacity of the well was recorded as 14 gallons per minute per foot (gpm/ft), which is
similar to the specific capacities indicated on the drillers’ logs for the two deepest RMC
production wells (PW10 and PW14, which have specific capacities of 23 and 10 gpm/ft,
respectively).3 In addition, the Troutdale Airport well is screened at a depth interval

3 The original design and construction of a well, along with its maintenance, can affect the specific capacity of a well. These
factors can have as significant an influence on the specific capacity of a well as the hydraulic conductivity of the aquifer
formation. In this case, the drillers’ logs for wells PW10 and PW14 show specific capacities that are lower than the specific
capacities mducated on dnliers iogs for shallower RMC production wells {which range from 21 gpm/it at PW07 to 95 gpmy/ft at
PWOSG).
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similar to PW10 and PW14, which have screened intervals of 440-558 and 608-637 feet
bgs, respectively. Consequently, these data suggest that the Troutdale Airport well is
completed in the SGA and does not extend into the Older Rocks. This interpretation is
also consistent with regional interpretations that indicate that the Older Rocks lie at an
elevation of about 800 feet below mean sea level. (See Plate 3 in Swanson et. al, 1993.)

Compared with the cross section (Figure 3-5) contained in the Preliminary Conceptual
Hydrogeologic Model (CH2M HILL, March 21, 1996), the north-south regional section (B-B")
was revised based on the addition of well PW10 to the section (at the intersection with
regional section A-A’) and reexamination of the geologic logs at nearby wells PW16 and
PW17. Specific changes were:

» The contact between the USA and the SGA was raised directly beneath the RMC facility.
This contact, which was originally set at a depth of approximately 250 to 270 feet, is
shown in Figure 1-4 at a depth of about 190 to 200 feet. This revision was based on a
color change described in the geologic logs from gray to blue materials. Specifically, the
origin of the blue materials is interpreted to be from deposition and reworking of
sediments from both the Columbia and Sandy Rivers. In contrast, the gray materials are
interpreted to be Sandy River delta deposits. The contact between the USA and SGA was
also revised based on the placement of the uppermost well screens at and above this
interval in wells PW10 and PW16. Specifically, the uppermost screens were probably not
extended deeper because of reduced yields. Consequently, the revised USA /SGA
contact is likely a hydraulic contact, as well as a geologic contact.

¢ A contact between the USA and the SGA is shown in Figure 1-4 north of the dike. This
contact is drawn based on the revised elevation for the contact south of the dike, as well
as the description of interbedded sand and gravel sequences in monitoring wells
constructed north of the dike (particularly MWO08 and MW27).

¢ The contact between the SGA and the underlying Older Rocks south of the RMC facility
was redefined based on the log for the Troutdale Airport well. As discussed previously,

the Troutdale Airport well is completed in the SGA and does not extend into the Older
Rocks.

1.3 Site Geologic Framework

This section discusses site stratigraphy (using seven site-scale geologic cross sections) and
the elevation of the contact between the SGA and the underlying Older Rocks unit.

1.3.1 Site Stratigraphy

Figure 1-5 shows the locations of seven geologic cross sections that were constructed at a
site scale. Figures 1-6 through 1-12 present the seven cross sections (C-C’ through J-J'). These
cross sections update those contained in the Preliminary Hydrogeologic Conceptual Model
(CH2M HILL, March 21, 1996), based on the groundwatér monitoring well construction and
other data obtained since that time. ‘

Table 1-1 summarizes the objectives of each cross section and the rationale for each cross
section’s alignment. Key observations from the site-scale cross sections are as follows:
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» A sequence of well-sorted sands approximately 400 feet thick is present from RMC

production well PW18 south toward the Troutdale Airport well. (See Figure 1-6.) This
thick sequence of sands is also present in the southwestern portion of the site and likely
thins to the west because of a rise in the top of an underlying gravel sequence. (See
Figure 1-12.) At the Troutdale Airport well, the well-sorted sand is absent below a depth
of about 260 feet, where interbedded silty and gravelly clays are present.

e North of PW18, the thick sequence of well-sorted sand contains a distinct 20- to 60-foot-

thick layer of silt and sandy silt that is present at a depth of approximately 175 feet bgs.
(See Figure 1-6.) This sequence thins to the south, and in the western portion of the site it
appears to dip from north to south. (See Figure 1-11.) Figures 1-6 and 1-11 show that
RMC production wells PW10, PW14, PW16, and PW18 all were constructed with
screened intervals immediately above this unit. Figure 1-8 also shows a similar place-
ment of the screened interval at RMC production well PW05.

s Immediately north of the potlines, sands are present only to the top of the silt/sandy silt

layer, which is underlain by gravel rather than sand. North of cross section E-E’, the silt/
sandy silt layer is absent, and the sand unit and the gravel unit both thin to the north
because of a sharp rise in elevation of the top of the Older Rocks unit. (See Figures 1-6
and 1-11.)

¢ The two cross sections immediately north of the potlines, Sections D-D’ and E-E’ (see

Figures 1-7 and 1-8), show that the well-sorted sand sequence is underlain predomin-
antly by gravels to the west. Some of these gravels are cemented, as indicated by the
geologic log for MW29. Just east of MW29, the gravels are deeper, with a sequence of silt
and interbedded sand separating the overlying clean sands and the underlying gravels.
From PWO8 to the east, the silt layer is absent and the 400-foot-thick sand sequence is
present, including a 20- to 40-foot-thick cemented gravel layer at a depth of approx-
imately 100 to 150 feet bgs. (See wells PW05, PW08, MW10, and MW33.) This thick
sequence of sands and a single interbedded cemented gravel layer are also present north
of the dike, as shown in Figures 1-9 and 1-10.

» The cross sections show the presence of a silt/sand layer lying above the UGS across the
site. Recent drilling activities have resulted in subdivision of this layer (called the silt
unit) into a surficial sand layer and an underlying silt layer (which are not shown
because of the vertical scales of the cross sections). The surficial sand layer is typically
less than 10 feet thick and is absent in places. It lies below the water table in some
locations during the summer. Throughout most of the area south of the flood control
dike, the silt layer is below the water table and has a typical thickness of 20 feet. North of
the dike, the silt layer is much thinner and is not situated beneath the water table except
during extremely wet seasons.

1.3.2 SGA Base Elevation

Figure 1-13 shows an elevation contour map of the top of the Older Rocks, which form the
base of the SGA. The map shows that the Older Rocks rise from south to north and are
present at ground surface along the northern shore of the Columbia River. A ridge is also
present along this southward-dipping surface, extending from Ione Reef south beneath
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Company Lake and the RMC potline buildings. The depth of the bedrock surface beneath
the RMC facility is based on geologic logs from the RMC production wells. In areas
surrounding the RMC facility, the depth contours are based on interpretations by Swanson
et. al (1993).

1.4 Site Hydrogeology

The following topics regarding the site hydrogeology are discussed below:

o The hydraulic properties of the four primary water-bearing zones (the silt unit, the UGS,
the intermediate zone, and the deep zone) (Section 1.4.1)

¢ The influences of river stages and onsite pumping on groundwater flow in the inter-
mediate and deep zones (Section 1.4.2) and in shallower zones (Section 1.4.3)

1.4.1 Hydraulic Properties

The horizontal hydraulic conductivities of the silt unit, the UGS, and the intermediate and
deep sand zones have been estimated using data collected from the January-September 1997
sitewide aquifer testing program (CH2M HILL, July 23, 1998). Tables 1-2, 1-3, 1-4, and 1-5
provide statistical summaries of measured hydraulic conductivity values for the silt unit,
the UGS, the intermediate zone, and the deep zone, respectively. On the basis of the tabu-
lated results, typical values of the horizontal hydraulic conductivity are estimated to be:

o Silt unit: 1 to 2 ft/day
+ UGS: 35 ft/day along and north of the flood control dike, 2 ft/day on the plant site

» Intermediate sand: 100 to 120 ft/day according to short-term testing data, but 150 to
160 ft/day according to slug test data

» Deep sand: Variable according to location and type of test performed. Excluding the
short-term test data, which produce unreasonably low values, the distribution of
horizontal hydraulic conductivities is as follows:

— Eastern portion of the site: 100 to 120 ft/day
— Site interior: 130 to 175 ft/day

- Fairview Farms and western portion of the site: 75 ft/day according to slug test data,
150 ft/day according to the Fairview Farms aquifer test data

These values were estimated by fitting water level data collected during each test to the
analytical equations listed in the tables. The hydraulic conduct1v1ty estimates contained in
the tables were used during model calibration primarily as initial estimates of aquifer
properties. They were adjusted throughout calibration based on simulations of the water
level data collected during the 26-day Fairview Farms aquifer test.

The vertical hydraulic conductivity of the silt unit was measured during the 1998 field
investigation in four soil samples collected from the three soil and debris areas (scrap yard,
east potliner, and south landfill) located in the South Plant area. Table 1-6 summarizes the
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vertical hydraulic conductivity data, as well as other physical parameters that were mea-
sured in these samples. For the silt unit, the vertical permeability ranged from between
0.0003 and 0.0006 ft/day [approximately 107 centimeters per second (cm/sec)] beneath
south landfill and east potliner and 0.006 ft/day (approximately 2 x 106 cm/sec) beneath the
scrap yard. On the basis of these results and the horizontal hydraulic conductivity values for
the silt unit (1 to 2 ft/day), the ratio of horizontal to vertical hydraulic conductivity (the
Kh:Kv ratio) is estimated to be between 100:1 and 1,000:1 for the lowest permeability soils
and about 100:1 for the somewhat more permeable silts situated beneath the scrap yard.

Vertical hydraulic conductivities were not directly measured in the underlying sand units.
The upper gray sand unit contains variable amounts of fine-grained materials and likely has
a Kh:Kv ratio of 100:1 or less. Because the intermediate and deep sand units generally
contain very low amounts of fine-grained materials, the Kh:Kv ratio is likely substantially
less than 100:1.

1.4.2 Influences of River Stage and Wellfield Pumping on Groundwater Flow in
the Intermediate and Deep Zones

Long-term monitoring of water levels and river stages at the RMC facility has shown that
the stages of the Columbia and Sandy Rivers affect groundwater elevations and flow
directions. Continuous recording and quarterly measurements have shown that the aquifer
responds quickly to short-term fluctuations in river stages that arise from tidal influences
and to longer term fluctuations that arise from changes in flow releases from the dam
system on the Columbia River upstream of the facility. As discussed in the Preliminary
Conceptual Hydrogeologic Model, staff gauge measurements near the facility indicate that the
Sandy River stage in the reach immediately east of the RMC facility is controlled by (and
similar to) the Columbia River stage (CH2M HILL, March 21, 1996). A comparison of these
stages is shown in Table 1-7.

Pumping influences on groundwater levels were also observed during the 26-day Fairview
Farms aquifer test. The test was significant because the magnitude of pumping was substan-
tially greater than had occurred to date and because pumping occurred at both the RMC site
and at Fairview Farms. The pumping influences were greatest in the deep sand zone but
were also observed in the intermediate sand zone.

The influences of river stages and pumping that were observed before and during the
Fairview Farms aquifer test are discussed below, with the aid of groundwater elevation
contour maps and hydrographs of water level elevations and vertical gradients. The test is
described in Appendix A. - o '

1.4.2.1 Groundwater Elevation Contour Maps

Figures 1-14, 1-15, 1-16, and 1-17 show groundwater elevation contour maps for the silt unit,
the UGS, the intermediate zone, and the deep zone on August 6, 1997, approximately

29 days before the Fairview Farms aquifer test (which began on September 4). The maps
show a generally southeast-to-northwest flow direction in each of the four units, with a
groundwater divide extending from the southeastern corner of the site northward towards
Company Lake. The maps also show localized variations in the flow direction, including a
mound in the UGS near the bakehouse and a cone of depression in the deep zone around
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production wells PW07 and PW08 and monitoring well MW33-165. This cone of depression

was associated with a pumping rate of approximately 450 gpm [0.63 million gallons per day
(mgd)] from PWO07.

Figures 1-18 and 1-19 show groundwater elevation contours for the intermediate and deep
sands, respectively, on September 9, 1997. The maps were constructed using data associated
with a low Columbia River stage of 5.06 feet that was measured by the river datalogger at
7:00 p.m. This low stage was the lowest observed throughout the 26-day Fairview Farms
aquifer test and was also lower than the stages observed during the week before the test.
The groundwater elevations shown at individual wells are low elevations that were
observed that evening (between 7:00 and 11:00 p.m.) in response to a low river stage. At that
time, wells PW03 and PW07 had been operating for approximately 5.5 days at average
discharge rates of 865 and 780 gpm, respectively (for a total of 1,645 gpm).

Comparison of the intermediate zone contours before pumping (Figure 1-16) and after

5.5 days of pumping (Figure 1-18) shows only slight differences in flow directions, primarily
in the western portion of the site. These minor differences are likely the result of differences
in river stages between the two periods of time. In contrast, the deep zone contours before
the Fairview Farms aquifer test (Figure 1-17) and after 5.5 days of pumping at 1,645 gpm
(Figure 1-19) show notable differences in groundwater flow directions. The maps indicate
that the primary effect of deep zone pumping was the creation of a substantial hydraulic
divide across the interior of the site. This divide is defined by deep sand wells MW27,
MW29, MW32, MW28, and MW03 (listed from downgradient to upgradient). At these wells,
deep sand water levels were only slightly below the intermediate sand water levels. In
contrast, wells farther east (MW21 and MW33) showed deep zone water levels that were
from 1.5 to 2.5 feet lower than the intermediate zone water levels.

Figures 1-20 and 1-21 show groundwater elevation contours for the intermediate and deep
sands, respectively, on September 18, 1997. These maps show the formation of a pronounced
cone of depression in the deep zone around pumping well FF04, as well as a possible cone
of depression in the intermediate zone at this well. The deep zone map also shows the
presence of the hydraulic divide south of Company Lake, as well as the effect of a relatively
high river stage on groundwater flow patterns beneath the lake in the deep zone.

1.4.2.2 Groundwater Elevation and River Stage Hydrographs

Figures 1-22 through 1-30 show hydrographs of groundwater elevations at nine well
clusters that were monitored during the Fairview Farms aquifer test. The hydrographs also
show the pumping cycles and the differences in groundwater elevations between the wells
completed in the intermediate and deep sand zones. Groundwater elevation data that were
collected manually are shown with a symbol, while datalogger records are shown without
symbols. [See also the legend of each figure to determine whether the data were collected
manually (designated as “Hand” in the legend) or using dataloggers (designated as “DL” in
the legend).] Each hydrograph also shows the hourly datalogger records for the Columbia
River stage, as well as the 24-hour moving average of the river stage and the representation
of the river stage during the model calibration effort. The hydrograph legends also indicate
the unit in which the well was completed (UGS, intermediate sand, or deep sand).

The hydrographs in Figures 1-22 through 1-30 show the following:
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A river stage influence in the intermediate and deep sand zones is visible at each well
cluster location, including upgradient well MWO03. This effect is shown as the small
hourly fluctuations in groundwater elevations on each hydrograph.

Each well completed in the deep sand and several of the wells completed in the inter-
mediate sand showed instantaneous responses to the initiation of the aquifer test (on
September 4, 1997). This effect is visible as the steepening of the water level decline that
was occurring prior to the test. This effect is not the result of a river stage decline
because the hourly stage data indicate that the river was generally rising during the first
3 days of the test. In addition, the water level declines at the beginning of the pumping
period are steeper than the declines that occurred September 7 - 9, when the 24-hour
moving average river stage dropped nearly 2 feet.

Vertical gradients between the intermediate and deep zones were downward at most
locations throughout the duration of the test. Minor upward gradients were observed
periodically at the southernmost wells (MW03, MW12, and MW15), but gradients at
other site wells were almost consistently downward.

The vertical gradients were substantially greater at wells MW21, MW27, and MW33
than at the other site wells. These three wells are located along the eastern side of the
hydraulic divide that was present during the test. (See Figures 1-19 and 1-21 for the
locations of these wells and the hydraulic divide.) At each location, the large vertical
gradient between the intermediate and deep zones arises from the lithology and
completion depth of the intermediate and deep wells. Specifically, the intermediate
wells are completed in sand and the deep wells are completed in or below a cemented
gravel layer. [See site-scale geologic cross sections E-E” and F-F’ (Figures 1-7 and 1-8,
respectively).] The large downward hydraulic gradient arises from the permeability
contrast between the sand (relatively high permeability) and the cemented gravel
(relatively low permeability).

At other well locations (for example, MW29 and MW32), the vertical gradient between
the intermediate and deep zones is smaller because the intermediate and deep zone
wells are both completed in a sand layer. In addition, the sand layer is underlain by low-
permeability materials (silt, sandy silt, and cemented gravel) that limit the hydraulic
response of the sand layer to pumping in deeper zones. [See the well completion depths
and lithology at MW29, MW32, and nearby production wells as shown in site-scale
geologic cross sections C-C’, D-D’, and E-E’ (Figures 1-6, 1-7, and 1-8, respectively).]

Significant variations also exist in the vertical gradients and water level trends of the
three wells that show the largest vertical gradients (MW21, MW27, and MW33);
specifically:

- The trehds at MW33 are interpreted to be primarily the effect of purﬁping.
Specifically, the small hourly fluctuations in the deep well groundwater elevations
(MW33-165) indicate that the river stage influence at MW33 is minor.

- In contrast, the trends at MW?21 likely arise from both pumping and river stage
influences. Groundwater elevations in the deep well at MW21 (MW21-176) show a
pattern that is very similar to the hourly datalogger record, which indicates the
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effects of a river stage influence plus a pronounced response to the initiation of the
first two pumping cycles. (The first pumping cycle consisted of PW3 and PW7
beginning to pump on September 4, and the second cycle consisted of turning on
FF04 on September 18 while continuing to pump PW3 and PW7 steadily.)

- The substantial vertical gradient at MW21 is partially a result of the strong hydraulic
connection of the deep zone to the river. It is also partly because of the minimal
hydraulic connection between the intermediate zone and the river. Groundwater
levels in the intermediate zone are similar to those in the UGS at this well. As shown
in cross section J-J* (which compares the geology and screened intervals at the MW21
and MW?27 well locations), the intermediate zone wells at both locations are screened
above a gravel unit in a surficial sand that also includes the UGS screened interval.

- The vertical gradient at well MW27 is less than at MW?21, even though both wells are
situated a similar distance from the river. The hydrographs show that the difference
is a result of substantially higher water levels in the deep zone at MW27 than at
MW?21. The cause of the higher groundwater levels at MW27 could be a result of
geologic controls and/or less hydraulic connection between the river and the zone
screened by this well. The higher water levels at MW27 do not appear to be the
result of recharge from Company Lake, as the groundwater elevations in the UGS
and the intermediate zone are similar at both well locations. -

1.4.3 River Stage Influences on Shallow Groundwater System

In addition to the river influences that were observed during the Fairview Farms aquifer
test, other site data have provided important indications of the mechanisms affecting the
response of the shallow groundwater system (in particular, the UGS) to river influences.
Figure 1-31 compares continuously recorded river stage data and groundwater elevation
data at MW05-025 during the summer of 1994. The figure also shows the 24-hour moving
average stage for the river. Figure 1-31 shows that groundwater levels in the well (which is
completed in the UGS) showed hourly fluctuations similar to the river stage through
approximately July 25, 1994. These fluctuations were in response to tidal influences on the
river stage. After that date, the groundwater levels began to show a steady decline without
the hourly fluctuations that were occurring in the river. Figure 1-31 indicates that this
decline began shortly after the moving average of the river stage dropped below an
elevation of 7 feet. The sudden and sustained decline in groundwater levels indicates that

the UGS groundwater system at this location became hydraulically disconnected from the
river.

A similar pattern of hydraulic connection and disconnection was observed during 1995 at
UGS well MW21-012, which is north of the dike. Figure 1-32 shows that during the first

5 days of data collection, the well did not show fluctuations in response to the hourly river
stage fluctuations. Beginning just before October 27, the well began responding to the
hourly river stage fluctuations because the river stage rose sufficiently to reestablish the
hydraulic connection. In this case, the connection was established once the 24-hour moving
average stage rose above an elevation of about 7.5 feet.
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1.5 Onsite Surface Water Features and Their Interaction with
Groundwater

The principal surface water features, shown in Figure 1-33, are the Columbia and Sandy
Rivers, Company Lake, East Lake, South Ditch, south wetlands, West Drainage, and Salmon
Creek. These features lie north of the dike and in the South Plant area (south of the build-
ings that contain the primary RMC production facilities). The hydrologic relationships of
these features to site groundwater are discussed below.

1.5.1 Surface Water Features North of the Dike
1.5.1.1 Company Lake

The principal surface water feature north of the dike is Company Lake, the wastewater
treatment pond that covers an area of approximately 14 acres. The pond is part of the
facility’s National Pollutant Discharge Elimination System (NPDES)-permitted stormwater
and wastewater treatment system and is a naturally occurring surface water feature that
was present before the RMC facility was constructed. The water level in Company Lake is
maintained at a relatively steady elevation by a Parshall flume that is located along an
outfall ditch that flows to the Columbia River. The flume has an elevation of 15.5 feet mean
sea level (MSL). During occasional periods of high water in the Columbia River (stages
above approximately 20 feet MSL), water flows into Company Lake from the river via the
outfall ditch. Staff gauge readings during 1997 indicate that the water level in Company
Lake ranged from 15.37 to 16.18 feet (CH2M HILL, June 17, 1998). The elevation of the bed
of Company Lake ranges from about sea level in the eastern half of the lake to 10 feet or
higher in the western half of the lake (CH2M HILL, March 26, 1997).

The significance of Company Lake to groundwater recharge is indicated by groundwater
quality data and leachate tests of cores containing sediments and process residue. The
highest fluoride concentrations measured in GeoProbes downgradient of the lake during
1997 ranged from 15.9 to 24.5 milligrams per liter (mg/L), which is comparable to
concentrations of 18.2 to 23.2 mg/L that were measured in the leachate tests (CH2M HILL,
June 17, 1998). '

The significance of Company Lake to groundwater recharge is also indicated by water level
data. Figure 1-34 compares the Company Lake stage (the elevation of the Parshall flume)
with shallow groundwater elevations in nearby monitoring wells. The hydrographs show
that the stage was higher than (and presumably recharging) groundwater for a period of
about 16 months (June 1994 through September 1995). Low river flow conditions existed
during this period,* causing groundwater levels to be consistently lower than the water
level in Company Lake. Beginning in October 1995, normal to above-normal precipitation
and river flow patterns occurred in the region. This caused seasonality in the relationships

4 Streamflow data collected at The Dalles Dam by the U.S. Army Corps of Engineers indicate that the mean annual flow of the
Columbia River at the dam was 132,800 cubic feet per second (cfs) during water year 1994 (October 1993 through September
1994) and 167,400 cfs during water year 1995 (October 1994 through September 1995). These flow rates are approximately
72 percent and 90 percent of the 30-year mean flow of 184,100 cfs from water years 1968 through 1997. During water year
1996, the mean annual flow was 252,300 cfs, which is 137 percent of the 30-year mean flow. These flow rates do not include
flows from tributaries to the Columbia River between The Dalles Dam and the RMC facility (including the Sandy River).
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between groundwater elevations and the stage of Company Lake. From December 1995
through May 1996, groundwater levels and river stages varied greatly and were higher than
the water level in Company Lake for distinct periods of time (causing groundwater to
discharge into the pond). However, there were also distinct periods during these months
when the water level in Company Lake was higher than the groundwater elevations and the
river stage. During the summer and fall months, groundwater elevations and river stages
were consistently lower than the water level in Company Lake, which likely caused
groundwater to be recharged by Company Lake.

The bed of Company Lake consists of native sand and silt materials overlain by an approx-
imately 6-inch-thick layer of process residue. Permeability testing of three core samples of
the native sediments indicates that the vertical hydraulic conductivity of the native sedi-
ment in Company Lake is low. The core samples yielded sediment permeabilities ranging
from 1.2 x 10-6 to 1.9 x 106 cm/sec (CH2M HILL, December 12, 1997). (These permeabilities
are equivalent to 0.0034 to 0.0054 feet/day.) A water balance calculation for Company Lake
for the period August 23 through October 20, 1997 (which included the Fairview Farms
aquifer test), concluded that groundwater was being recharged by Company Lake at a rate
of between approximately 280,000 and 430,000 gallons per day (gpd). It is likely that a
portion of this flow was through the bed of Company Lake, with some flow also occurring
through the sidewalls, which consist of both native and non-native materials.

1.5.1.2 Former West Company Lake

" Figure 1-33 shows the outline of the former West Company Lake. Historical aerial air photos

show that West Company Lake was once part of Company Lake but was filled; it is now
owned by Gresham Sand and Gravel (G5&G). Dredged materials from the Columbia River
have been stockpiled in West Company Lake as part of GS&G operations since 1968. By
1971, the west end of West Company Lake had been filled with dredge spoils. Borings in
West Company Lake indicate that the fill material is between 8 and 24 feet thick.

1.5.1.3 East Lake

East Lake lies approximately 600 feet to the east of Company Lake. East Lake is a naturally
occurring surface water feature and is not used by RMC. Aerial photographs from the 1930s
show that East Lake lies within an abandoned former channel of the Sandy River that once
connected East Lake to the river and to Company Lake. Today, East Lake is a shallow
depression that contains water only during a portion of the year. During periods of unusu-
ally high stage, water from the Sandy River can flow into East Lake. Otherwise, there are no
inlets or outlets. Water levels in East Lake are thought to primarily reflect Sandy River/
Columbia River stage elevations but may also represent local groundwater elevations when
the regional water table is at its seasonal high elevation.

1.5.2 Surface Water Features in the South Plant Area

The principal onsite surface water features in the South Plant area are South Ditch, south
wetlands, and Salmon Creek.
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1.5.2.1 South Ditch

The South Ditch is the primary drainage feature in the portion of the RMC site that is south
of the flood control dike. As shown in Figure 1-33, South Ditch is divided into an eastern
reach and a western reach. The eastern reach is dry during the summer months and collects
surface water runoff and groundwater seepage from areas near the dike and north of the
east potliner soil and debris area during the winter months. West South Ditch extends from
east South Ditch to a pump station located at the western end of the ditch (near the south-
west corner of the building housing the potlines. West South Ditch conveys the seasonal
flow from east South Ditch, effluent from the sanitary wastewater and process wastewater
treatment plants, and groundwater discharged from a system of shallow dewatering wells
at the bakehouse. These combined flows are pumped from west South Ditch through an
underground pipe into Company Lake as part of the NPDES-permitted wastewater treat-
ment system. Water levels in the ditch are controlled by the pumping station, which is
designed to prevent water from rising above an elevation of approximately 15 feet.

East South Ditch is a gaining ditch (that is, it receives recharge from groundwater) during
the winter months when groundwater elevations are at their seasonal high levels. The ditch
then becomes a losing ditch (that is, it loses surface water to groundwater) for a brief period
(approximately 2 to 4 weeks during a typical year) once groundwater levels decline below
the ditch bed. During this period, the east South Ditch recharges groundwater until it goes
dry. In contrast, the west South Ditch flows year-round. It is a gaining ditch during the
winter months and becomes a losing ditch beginning in June or July during a typical year.
Detailed discussions of groundwater/surface water interactions at South Ditch are con-
tained in Attachment A of Technical Memorandum DS No. 18: Data Summary for the Wastewater
Discharge Areas Addendum to the RI/FS Work Plan, Part 2 (CH2M HILL, June 17, 1998).

1.5.2.2 South Wetlands

South wetlands is a seasonal surface water feature. It receives direct precipitation, storm-
water runoff in the old Salmon Creek channel, and stormwater via a culvert and catch basin
that are situated along Graham Road. The water level gradually declines beginning in the
spring because of a combination of direct evaporation, plant transpiration, discharge to
Salmon Creek, and leakage to underlying groundwater. Leakage to underlying ground-
water is believed to be limited, as groundwater elevation contour maps for the silt unit do
not indicate the presence of a hydraulic mound beneath the area. This is consistent with
observations that the bed of south wetlands is composed of low-permeability, fine-grained
materials. These materials allow the wetland to accumulate and retain water throughout the
rainy season, which would not occur if the soils allowed for rapid infiltration into under-
lying groundwater.

1.5.2.3 Salmon Creek

Salmon Creek flows along a portion of the southwest border of the RMC property. The
creek conveys stormwater from urban and industrial areas and also collects stormwater
from portions of the RMC property. Survey data indicate that the creek has a bed elevation
of between 12.6 and 13.1 feet along the reach that lies just west of south wetlands. This
elevation is lower than groundwater elevations that have been measured historically in
nearby silt unit monitoring wells (particularly MW12, MW18, and MW38). In addition, it
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has been observed that the creek contains water year-round, but an active current is not
readily visible during the summer months. These observations and the water level data
together indicate that the creek is gaining during the summer months, receiving ground-
water discharge from the silt unit.
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SECTION 2

Numerical Model Development

This section describes the development of the numerical groundwater flow model of the
Troutdale site. The flow model is a multi-layer finite-element model of the RMC facility and
surrounding areas. The model simulates groundwater flow in the USA and the SGA. It
simulates the effects of pumping, precipitation infiltration, and interactions with onsite
surface water features (such as South Ditch and Company Lake) and offsite surface water
features (such as the Columbia and Sandy Rivers). The model also simulates transient
groundwater flow conditions and represents the uppermost portion of the groundwater
system (in the silt unit) as a water-table aquifer.

The model was developed from regional and site-specific hydrogeologic information and
was calibrated to the Fairview Farms aquifer test and the observed distribution of fluoride
in the UGS, the intermediate zone, and the deep zone. This section discusses the modeling
objectives and the modeling code that was selected, followed by documentation of the
model construction and calibration processes.

2.1 Numerical Modeling Objectives and Code Selection

Four uses of the site-scale flow model were identified at the beginning of the project and
were translated into modeling objectives. Each use and objective envisioned that the model
would provide a quantitative platform for:

s Supporting risk assessment work. This consists of capture zone analyses to evaluate
capture (by existing and future hypothetical wells) of fluoride that is currently present in
groundwater.

e Evaluating the effectiveness of various actions to address the presence of fluoride in
groundwater. This includes simulating changes in groundwater flow patterns and travel
times arising from source remediation scenarios..

o Identifying design requirements for proposed groundwater remedial actions.

» Facilitating analysis and decision-making processes through the use of a tool with
visualization capabilities.

On the basis of these objectives, the following necessary capabilities and design
characteristics of the model and the modeling software were identified:

o Simulation of the following hydrogeologic features and processes:

- -Pumping of groundwater from the RMC production wells and the Fairview Farms
wells

- - Groundwater/surface water exchanges with the Columbia and Sandy Rivers,
Company Lake, and the onsite and offsite drainages that are present within the
model area
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— Areal recharge from precipitation infiltration

- Laterally and vertically heterogeneous aquifer properties associated with the
unconsolidated sediments overlying the Older Rocks

o Transient simulation capabilities for model calibration, which involved simulating the
Fairview Farms aquifer test

e Three-dimensional particle-tracking capabilities

Based on these objectives and desired model characteristics, the software Micro-Fem®
(Hemker and Nijsten, 1996) was selected as the modeling code for the site. Micro-Fem is a
three-dimensional, finite-element groundwater flow model with three-dimensional particle-
tracking capabilities. The model may be used to solve groundwater flow problems for
unconfined, semi-confined, or confined aquifer systems. The model simulates steady-state
or transient flow conditions in up to 16 aquifers with 16 aquitards. The finite-element mesh
may contain as many as 12,500 nodes in each model layer. The model contains several
different methods for simulating groundwater/surface water interactions. A detailed
description of the design and functionality of the model is presented in Appendix B.

2.2 Numerical Model Construction

This section discusses the construction of the numerical model. Specific topics include:

o The design of the finite-element mesh (particularly the locations of mesh boundaries and
the spacing of nodes in the mesh)

o The relationship of the model layers to the site geology and well depths (including the
establishment of layer thicknesses)

¢ The assignment of boundary conditions in the model, including surface water features
on and adjacent to the RMC facility

¢ The assignment of values for hydrogeologic parameters required by the model

2.2.1 Mesh Design

Figure 2-1 shows the finite-element mesh that was constructed for the site-scale ground-
water flow model. The mesh encompasses the entire RMC property (including Fairview
Farms), as well as the Columbia River, the Sandy River, and the Blue Lake Aquifer. The
mesh boundaries were established at substantial distances away from the RMC property
boundary to conform to natural hydrogeologic boundaries. The locations of the mesh
boundaries and the rationales for their location are summarized below:

» Northern boundary. The northern boundary of the mesh is the centerline of the
Columbia River. This boundary roughly coincides with the Oregon/Washington state
line. The river centerline was selected as the northerm boundary because the riveris a
regional groundwater discharge point. The ambient groundwater flow direction north of
the river centerline (in Washington) is from north to south, while the ambient ground-
water flow pattern south of the river is generally from south to north.
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Southern boundary. The southern boundary is aligned with geologic contacts. The
western portion of this boundary follows the northern edge of the Troutdale Sandstone
Aquifer, as shown in Figure 2-1. (See also the surficial geology shown in Figure 1-2.) The
remainder of this boundary lies along the contact between the USA to the north and the
TSA and CU2 to the south. This contact is shown in the regional geologic cross

section A-A’ (Figure 1-4).

Western boundary. The western boundary is the western edge of the BLA and also
follows the western extent of the TSA outcrop lying along the southwestern edge of the
BLA. (See Figure 1-2.) The BLA was included in the mesh because previous work by the
City of Portland (Woodward-Clyde, 1997; Roger N. Smith Associates, Inc., 1997) indi-
cates that the BLA is a higher permeability unit than the USA, which borders it to the
east.

Eastern boundary. The eastern boundary extends northward from the intersection of the
southern model boundary and the western shoreline of the Columbia River (east of the
RMC facility). The boundary extends from this intersection north to the river centerline
(which is roughly coincident with the state line). This boundary is situated approx-
imately 2 miles east of the Sandy River, which is a local discharge feature for
groundwater.

Figure 2-2 shows a close-in view of the portion of the mesh containing the RMC facility. As
shown in the figure, the mesh contains nodes and elements that outline and include specific
site features. The density of nodes and elements in the mesh is also greater in the area
shown in Figure 2-2 than in surrounding areas. The mesh is most dense in the south plant
area, which includes three soil and debris areas (south landfill, scrap yard, and east
potliner).

Following is a summary of the node spacing (that is, the mesh density) in various portions
of the mesh and for site features that are assigned specific nodes in the model:

South plant area: 50 feet, except 25 feet along the banks and centerline of South Ditch
West Drainage: 25 feet

Salmon Creek: 50 feet

Remainder of RMC facility: 100 feet

Between COE dike and Sandy and Columbia Rivers: 100 feet, except 50 feet along the
perimeter of Company Lake and along the Company Lake outfall

Sandy River: 100 feet
BLA, Columbia River, and areas between Columbia River and Sandy River: 400 feet

Fairview Farms and other areas south and west of RMC facility: 250 feet

In addition to this node arrangement, nodes were placed at specific well locations, including
the RMC production wells, clusters of monitoring wells, and locations of piezometers and
Geoprobes. A list of these locations is presented in Appendix C.
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As indicated in Figures 2-1 and 2-2, Oregon State Plane coordinates were used as the
horizontal coordinate system for the model. The reference datums are NAD83 and NAD91.
[The vertical datum is the 1929 National Geodetic Vertical Datum (NGVD).]

2.2.2 Layer Design

Figure 2-3 shows the conceptualization of the design for the model’s layers. As shown in the
figure, the model was constructed using 11 layers. This choice of layering was based on the
presence of five principal geologic layers (the silt unit, UGS, intermediate zone, deep zone,
and the deep USA/SGA water-bearing zones) and the locations of the screened intervals for
the RMC production wells, the Fairview Farms former irrigation wells, and site monitoring
wells and piezometers. As shown in Figure 2-3, all but three of the boundaries between the
model layers are flat (that is, each boundary has a uniform elevation throughout the model
domain). The exceptions are:

¢ The upper boundary of layer 1, which is the water table surface in the silt unit

e The lower boundary of layer 2, which is the geologic contact between the silt unit and
the underlying UGS

o The lower boundary of layer 11, which is the geologic contact between the SGA and the
underlying Older Rocks unit

Figure 2-3 shows the following additional aspects of the layering scheme:

» The entire saturated thickness of the USA and the SGA is modeled discretely. No
portions of the aquifer are modeled through the use of vertical resistivity terms.5

¢ Site monitoring wells are present in layers 2 through 7 of the model. A list of well
coordinates and depths is contained in Appendix D, along with a table summarizing the
construction of each monitoring well.

¢ Production wells PW05, PW08, and PW18 contain open intervals in layers 7 and 9 of the
model, while the other RMC production wells and the two Fairview Farms wells (FF04
and FF06) contain open intervals exclusively in layer 9 or deeper layers of the model.
Construction information for the production wells is summarized in Appendix D, which
also includes a map of the locations of former and existing production wells.

o The Columbia River is present in model layers 1 through 4. Bathymetric data for the
Columbia River (COE, 1995) indicate that the central channel of the river is between
approximately 50 and 60 feet deep. Adjusting for a typical river stage of 10 feet NGVD,
this corresponds to an elevation range of -40 to -50 feet NGVD. Because of the presence
of bedrock in the middle of the river channel, the actual elevation at which unconsoli-
dated sediments from the RMC facility extend out into the channel is estimated to be
approximately -40 feet NGVD, which is near the base of layer 4 (-45 feet NGVD).

5 The vertical resistivity parameter in a groundwater flow model is the thickness of a layer that is not being directly modeled,
divided by the vertical hydraulic conductivity of that layer. The vertical resistivity has units of days, based on the thickness (feet)
divided by the vertical hydraulic conductivity (feet/day). Although no aquifer layers were represented with vertical resistivity
terms, values of the vertical resistivity are required by the model between adjoining model layers. Consequently, these
parameters were specified using an infinitesimal thickness and vertical hydrauhc conductivities for the overlying and underlying
active model layers.
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» The Sandy River is present in model layers 1 through 3. The elevation of the base of the
river is estimated to be at or slightly above sea level, based on a typical stage of 10 feet
NGVD near the river’s mouth and on observed depths of 8 feet and deeper in the lower
reaches of the river. The top of layer 3 is at an elevation of 5 feet NGVD.

¢ The Company Lake NPDES-permitted wastewater pond is present in model layers 1
through 3. As discussed in Section 1.5.1.1, the base of the pond ranges in elevation from
sea level in the eastern half of the pond to 10 feet NGVD or higher in the western half of
the pond. Consequently, the bed of the pond is situated at or below the top of layer 3,
and the pond is therefore assumed to hydraulically penetrate layer 3 of the model.

e South Ditch, Salmon Creek, and West Drainage are surface drainage features that reside
in layer 1 of the model.

2.2.3 Boundary Conditions

Specific boundary conditions were established along the perimeter of the mesh and for
onsite and offsite surface water features located within the model domain. Details regarding
the assignment of these boundary conditions are presented below, including discussions of

parameter values associated with each boundary condition. (Other model parameter values
are discussed in Section 2.2.4.)

2.2.3.1 Western Boundary (No-Filow)

The western model boundary was established as a no-flow boundary because the ambient
flow direction in the BLA and the underlying SGA in this area is northward towards the
river (roughly parallel to the boundary), as discussed by McFarland and Morgan (1996). The
use of a no-flow boundary condition along the western limits of the BLA is also appropriate
because the model does not simulate pumping of BLA wells.

2.2.3.2 Southern Boundary (Specified-Flow)

Constant rates of groundwater flow into the modeled area were specified along the south-
ern boundary of the model. Initial estimates of groundwater flow rates were specified in the
layers and nodes where the SGA is present, using the following published information:

o The elevation of the top of the SGA, which is shown in Plate 4 of Swanson et al. (1993).
This information indicates that the top of the SGA lies in layer 7 of the model along the
western portion of the southern boundary and rises gradually from layer 7 into layer 5
along the eastern portion of the boundary.

¢ The hydraulic conductivity of the SGA, which has been reported in previous modeling
reports for the area. Maps and tables contained in a report documenting the calibration
of a model of the Blue Lake Aquifer (Woodward-Clyde, 1997) indicate that the SGA has
a typical hydraulic conductivity of 30 feet/day in this area. A report by S.5. Papadopulos
and Associates, Inc. (1991) documenting the East Multnomah County groundwater flow

model indicates that the typical hydraulic conductivity of the SGA is on the order of
50 feet/day in this area.
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o The hydraulic gradient in the SGA, which was estimated from groundwater elevation
contour maps contained in McFarland and Morgan (1996) (0.0007 foot/foot) and in
Woodward-Clyde (1997) for layer 7 of the BLA model (0.002 foot/ foot).

The rates that were initially specified for the SGA along the southern model boundary were
based on the information listed above but were adjusted downward during the course of
model calibration (which is described in Section 2.3). In addition, groundwater inflow was
initially specified in overlying layers where the TSA and CU2 are present using information
from the same published sources of information. However, during the course of model
calibration these rates were dramatically reduced to levels that were insignificant compared
with the rates in the SGA. '

2.2.3.3 Northern and Eastern Boundaries (Specified Head and No-Flow)

The northern and eastern boundaries of the model coincide with the Columbia River. As
discussed in Section 2.2.2, the river penetrates the upper four layers of the model. In these
layers, the model was assigned a specified head equal to the river stage. For the transient
simulations that were performed during calibration, the stage was allowed to vary over time
according to the observed fluctuations in the river during the Fairview Farms aquifer test
(which was the primary calibration condition). The representation of the river stage is
shown in Figures 1-22 through 1-30. In deeper layers, the model boundary was specified as
a no-flow boundary, and the model calculated groundwater elevations at all boundary
nodes. In each layer, selected nodes were inactivated if the node was present at a lower
elevation than the bedrock associated with the Older Rocks unit.

2.2.3.4 Sandy River (Head-Dependent)

The Sandy River was simulated as a head-dependent boundary. No boundary condition
was assigned in deeper layers.

The stage of the Sandy River was set equal to the stage of the Columbia River for approx-
imately one mile above its mouth and was allowed to vary over time according to stage
fluctuations in the Columbia River. Stages in the remaining upstream reaches were
interpolated from the stage in the lower reach and estimated stages along the southern
boundary that were based on bed elevation data contained in a flood insurance study
(FEMA, 1981). The stages in the upper reaches of the Sandy River were also varied slightly
during model calibration based on the observed effects of river stage selection on
groundwater flow directions.

Because the river penetrates layers 1 through 3 of the model, a low vertical resistivity value
(1 day) was used to create a uniform head distribution through these three model layers.
This value is equivalent to a one-foot thick layer of material having a vertical hydraulic
conductivity of about 3 x 10 cm/sec (1 foot/day).

2.2.3.5 Company Lake (Head-Dependent)

The stage at Company Lake was specified from staff gauge readings. During the Fairview
Farms aquifer test, the stage rose from 15.50 feet at the beginning of the test to 15.98 feet at
. the end of the test. The rise in the stage resulted from discharge of pumped groundwater
into Company Lake via west South Ditch.
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As with the Sandy River, the vertical resistivity term for Company Lake was set to a
uniform value in layers 1 through 3 of the model to reflect the pond’s penetration of these
three layers. Based on the calibration process described in Section 2.3, the vertical resistivity
was set at 50 days in the calibrated model. This value is equivalent to a 6-inch-thick layer of
material having a vertical hydraulic conductivity of about 3.5 x 10-¢ cm/sec (0.01 foot/day).

2.2.3.6 East Lake (Precipitation Infiltration)

East Lake was dry during the summer of 1997, including during the Fairview Farms aquifer
test. As discussed in Section 1.5.1.3, the lake is dry much of the year and receives water from
direct precipitation and occasional high flows in the Sandy River. Consequently, precipita-
tion infiltration is the only mechanism by which the lake interacts with groundwater.

2.2.3.7 West South Ditch (Head-Dependent)

A head-dependent boundary was used for west South Ditch because water is continually
present due to discharges from the process wastewater and sanitary wastewater treatment
systems. The stage in west South Ditch was defined from three staff gauges (5G-03, SG-04,
and SG-05) located in this portion of South Ditch. [See Table Al in Attachment A of
Technical Memorandum DS No. 18: Data Summary of the Wastewater Discharge Areas Addendum
to the RI/FS Work Plan, Part 2 (CH2M HILL, June 17, 1998).] Data at staff gauge SGO05 (closest
to the South Ditch pump station to Company Lake) indicate that the stage was between
19.05 and 19.09 feet NGVD during the test, compared with 18.16 feet before the test.

The vertical resistivity of the ditch bed (1,600 days) was established during calibration and is
equivalent to a 5-foot thick bed having a vertical hydraulic conductivity of 106 cm/sec
(0.0025 feet/day).

2.2.3.8 East South Ditch (Precipitation Infiltration)

East South Ditch was assigned a precipitation infiltration boundary condition because it is
dry during the summer months (including during the Fairview Farms aquifer test).

2.2.3.9 South Wetlands (Precipitation Infiltration)

South wetlands was assigned a precipitation infiltration boundary condition because it is
dry during the summer months (including during the Fairview Farms aquifer test). In
addition, little—if any—groundwater from the surficial sand unit discharges to south
wetlands during the summer months because the water table drops below the bed of south
wetlands. [See Appendix A of the Draft Groundwater Remedial Investigation Report (CH2M
HILL, in progress) for detailed discussions on groundwater/surface water interactions in
the vicinity of south wetlands and other portions of the South Plant area.]

2.2.3.10 Salmon Creek and West Drainage (Drain)

Salmon Creek and West Drainage were assigned a drain boundary condition because water
is present in both features year-round, but a moving current is not visible during the
summer months (including during the Fairview Farms aquifer test). Survey data in Salmon
Creek indicate that the bed of the creek lies at elevation 13.1 feet NGVD at Graham Road
and at elevation 12.6 feet downstream at staff gauge SG08 (near the northwestern corner of
south wetlands). In comparison, groundwater elevations were above the creek bed at nearby
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silt unit wells MW18-016 (13.83 feet) and MW38-007 (14.97 feet) on September 2, 1997 (just
before the beginning of the Fairview Farms aquifer test). These observations, along with
quarterly groundwater elevation contour maps during August 1997 (CH2M HILL, Decem-
ber 18, 1997), indicate that groundwater discharges into these surface water features during
the summer months. Although groundwater may be recharged by these drainages at other
times, this effect was not observed during the Fairview Farms aquifer test (the time period
for model calibration).

The vertical resistivity of the beds of Salmon Creek and West Drainage (400 days) was
established during calibration and is equivalent to a 5-foot-thick bed having a vertical
hydraulic conductivity of 4 x 106 cm/sec (0.01 foot/day).

2.2.4 Assignment of Parameter Values
The primary parameter values requiring specification in the model were:
« Hydrogeologic parameters

- The saturated thickness of the silt unit, which is defined from the silt unit ground-
water elevation and the elevation of the top of the underlying UGS

- The horizontal hydraulic conductivity, including spatial variations in each model
layer

~ The vertical resistivity between each model layer, which required specification of the
vertical anisotropy® and thickness of each layer (and their variation spatially)

— The storage coefficient within each model layer

e Aquifer stress parameters

— The precipitation infiltration rate, which was specified in model layer 1 and varied
spatially across the site

— The stage and the bed resistivity for surface water features represented with
specified-head or head-dependent boundary conditions (as discussed in
Section 2.2.3)

- The bed elevation and the bed resistivity for surface water features represented as
drains (as discussed in Section 2.2.3)

- Groundwater flow rates along specified-flow boundaries (as discussed in
Section 2.2.3)

The selection of values for parameters‘other than those discussed in Section 2.2.3 are
sumimarized below.
2.2.4.1 Silt Unit Saturated Thickness

Figure 2-4 shows a contour map of the saturated thickness of the silt unit. The saturated
thickness was defined from the elevation of the base of the unit and the water table

8 The vertical anisotropy is the ratio of the horizontal hydraulic conductivity divided by the vertical conductivity.
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elevation measured on September 2, 1997 (two days before the Fairview Farms aquifer test)
at wells completed in the silt unit. The base of the silt unit was defined from geologic logs
for monitoring wells, production wells, and other exploratory borings. Appendix E contains
a detailed listing of the data used to construct the contour map.

2.2.4.2 Horizontal Hydraulic Conductivity

Horizontal hydraulic conductivity values were specified at the beginning of the calibration
process from the estimates derived from the sitewide aquifer testing program described in
Section 1.4.1. (See the values listed in Tables 1-2 through 1-5 for the silt unit, the UGS, the
intermediate zone, and the deep zone.) These values were then varied during the course of
the calibration process, as described in Section 2.3. Because the majority of the contacts
between model layers are flat, lateral variations in stratigraphy within each model layer

were accounted for by differences in the hydraulic conductivity distribution within each
layer.

2.2.4.3 Vertical Resistivity Between Model Layers

The vertical resistivity was defined at a given node from the following relationship:

=05*[(bja*ra1/ Khja )+ (by*r; / Khy) |

where:
¢ = resistivity of layer j (in units of days)
b = layer thickness (in units of feet)
r = the vertical anisotropy ratio (dimensionless)

Kh = horizontal hydraulic conductivity (in units of feet/day)
j = index for the layer underlying the layer boundary
j-1 = index for the layer overlying the layer boundary

General ranges for values of the vertical anisotropy ratio are available in published litera-
ture. Anderson and Woessner (1992) indicate that vertical anisotropy ratios required for

modeling applications are generally estimated during the model calibration process and can

range from 1:1 to 1:1,000. Walton (1970) indicates that field measutrements for most geologic
materials range from 1:2 to 1:100. Freeze and Cherry (1979, p. 34) state the following:

In the field, it is not uncommon for layered heterogeneity to lead fo regzonal
anisotropy values on the order of 100:1 or even larger.

For the RMC site-scale flow model, the vertical anisotropy was varied throughout the course
of the calibration process. This procedure is described in Section 2.3.

2.2.4.4 Storage Coefficients

Storage coefficients were estimated during the calibration process by comparing the
response times of simulated and measured groundwater levels to the changes in aquifer
stress conditions that occurred during the Fairview Farms aquifer test. Storage coefficients
in the final calibrated model were estimated to be on the order of 103 in the silt unit and the
UGS (model layers 1 through 3), 104 in the intermediate and deep zones (model layers 4
through 7), and 10 in the SGA (model layers 8 through 11).
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2.2.4.5 Precipitation Infiltration

For conditions during September 1997, an initial estimate of 0.1 inch/month was used at the
beginning of the calibration process. During calibration, the infiltration rate was raised to

1 inch/month in order to generate sufficiently high groundwater elevations in the silt unit.
This rate is approximately one-third of the precipitation recorded during September 1997
(3.09 inches) at a gauge on Division Street that is owned by the City of Portland Bureau of
Environmental Services.

2.3 Numerical Model Calibration

The calibration process consisted of a two-part process. The first step consisted of steady-
state model runs to establish hydraulic parameters for the silt unit (layers 1 and 2). This was
followed by an extensive transient calibration process to establish values of hydraulic
parameters (for example, horizontal hydraulic conductivities and vertical anisotropy ratios)
for the remaining model layers and the values of other model parameters (for example,
stages in the Sandy River, bed resistivities for each surface water feature, and flow rates
across specified-flux boundaries). The following sections describe the steady-state calibra-
tion process, the transient calibration approach, constraints that were applied to the calibra-
tion process, the evolution of the transient calibration process, the attributes of the calibrated
model, and the principal conclusions from the transient calibration process. This is followed
by particle-tracking analyses (presented in Section 2.4) that were performed at the end of the
calibration process to further assess the quality of the calibration.

2.3.1 Steady-State Calibration

The steady-state calibration process consisted of varying the precipitation infiltration rate
across the site in order to establish a reasonable groundwater flow pattern in the silt unit
and to approximate the elevations that were measured during August 1997. (See

Figure 1-14.) As discussed in Section 2.2.4.5, the precipitation infiltration rate was raised
from an initial estimate of 0.1 inch/month to a final value of 1.0 inch/month during the
steady-state calibration.

The steady-state calibration process was also used to test other aspects of the model’s
design. Specific observations were:

e The silt unit groundwater flow pattern could not be replicated without specifying a
higher areal recharge rate along the south side of the dike (due north of scrap yard and
east potliner) than in surrounding areas. A greater amount of vegetative growth and
ponded water is present in this area than in other portions of the site. The precipitation
infiltration that was estimated from the calibration process was 2 inches/month in this
area.

e For the Sandy River, the use of a head-dependent boundary condition was more
appropriate than a specified-head boundary condition.

¢ Groundwater flow patterns in the silt unit in the vicinity of Salmon Creek could not be
replicated if the drain boundary condition was inactivated in the model. This suggests
that Salmon Creek influences groundwater levels in the silt unit.
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2.3.2 Transient Calibration Approach

The transient calibration consisted of performing multiple simulations of the Fairview
Farms aquifer test in which simulated aquifer stresses were varied over time. Table 2-1
summarizes the definition of the 23 time steps that were simulated. The stresses that were
varied were: -

» The rates of pumping from wells PW03, PW07, and FF04
o The stages of the Columbia River as measured by the river datalogger

o The stage of the Sandy River according to variations in precipitation (upper reaches) and
the Columbia River stage (lower reaches)

¢ The stages in South Ditch and Company Lake, which rose because of discharge of
pumped groundwater into the ditch (and routing to the lake)

The principal parameters that were varied during the transient calibration process were:
» Horizontal hydraulic conductivity of layers 3 through 11

+ Vertical resistivity between model layers for layers 3 through 11, which is a function of
the vertical anisotropy ratios and thicknesses of each layer

 Storage coefficients in model layers 1 through 11

e Groundwater inflow rates along the southern model boundary
e Stages and vertical resistivity values in the Sandy River

e Vertical resistivity of the bed of Company Lake

The general goals of the transient calibration process were to match the observed water
levels trends during the Fairview Farms aquifer test and to create a model that would be
capable of simulating the general distribution of fluoride in groundwater (that is, the
locations where fluoride is present above the MCL). The transient calibration of the model
was performed using the following sequence of steps: -

¢ Step 1. Establishment of hydraulic parameter values in layers 9, 10, and 11 using the
observed drawdowns in pumping wells PW03 and PW07. This process consisted of
matching the simulated drawdowns in the aquifer formation at each pumping well to
one-half of the observed drawdowns in each well (based on an assumed efficiency of
50 percent in each well). Water levels recorded in pumping well FF04 were also
considered during this step.

o Step 2. Modification of parameter values in layers 3 through 8 of the model, which are
the zones overlying the pumping interval (layer 9).

Throughout the transient calibration work, parameter values were selected by considering
the contrasts in hydraulic properties of the different aquifer matrix materials (silt, sand,
cemented gravel, and uncemented to poorly cemented gravel). Silt and cemented gravel
were generally assigned lower horizontal hydraulic conductivities and higher vertical
anisotropy ratios than sand or uncemented to poorly cemented gravel. Parameter values
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were also assigned using lateral and vertical zonation patterns according to lithologic
information available from geologic logs for site monitoring and production wells.
Parameter values were varied at a broad scale (several hundreds of feet laterally and by
layer vertically) according to the configurations of the zonation patterns.

The quality of each simulation that was performed during the transient calibration process
was evaluated against the following criteria:

Time-series plots at 19 well locations:

— Nested triplet wells at 9 monitoring well locations (MWO03, MW06, MW12, MW15,
MW21, MW27, MW29, MW32, MW33)

- Nested paired wells at 4 mdm'toring well locations (MW18, MW25, MW30, MW31)
~ A single deep monitoring well onsite (MW28) B

—  Three single monitoring wells in Fairview Farms (MW35, MW39, MW47)

- Former irrigation well FF06 (located approximately 140 feet west of FF04)

— Piezometer FFT01 (located approximately 175 feet southeast of FF04)

— The general locations of these 19 well locations are as follows:

— Three well locations are north of Company Lake

— Three well locations are along the south side of the dike (north of the plant)
— Three well locations are near RMC's production wells

— Five onsite well locations are south and west of RMC's production wells

— Five locations are on the Fairview Farms property

Groundwater flow directions as indicated by:
- Groundwater elevation contour maps (Figures 1-14 through 1-21)

- Fluoride distribution maps [contained in Section 4 of the Draft Groundwater Remedial
Investigation Report (CH2M HILL, in progress)]

The understanding of the water budget for the aquifer, with an emphasis on the leakage
rate from Company Lake. A water balance analysis for Company Lake during the
Fairview Farms aquifer test (CH2M HILL, June 17, 1998) indicated that between 280,000
and 430,000 gpd seeped through the bed of Company Lake into groundwater.

2.3.3 Constraints on the Transient Calibration Process

The following constraints on the transient calibration process were adopted throughout the
calibration effort:

The vertical resistivity through the bed of Company Lake was varied in order to
simulate a total leakage rate between 280,000 and 430,000 gpd to groundwater (see
Section 2.3.2). Tests were performed to evaluate whether the leakage was occurring

primarily from the western portion of Company Lake (near the former West Company
Lake).
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¢ The stage in the lower reach of the Sandy River was set equal to the stage in the
Columbia River for all time periods as discussed in Section 2.2.3.4.

» The stages in the Columbia River and the lower reach of the Sandy River were specified
as a step function defined over periods of hours and days. The simulated stage was
specified from the 24-hour moving average of the stage, rather than the instantaneous
stage recorded by the river datalogger.

o Permeability contrasts between materials were constrained as follows:
- Surficial silts and deep silts were specified as less permeable than other materials
- The UGS was specified as less permeable than the intermediate and deep zones

~ The permeability in layer 10 was constrained to be lower than the permeability of
layer 11 because layer 11 is a production zone (unlike layer 10) and has a greater
overall gravel content, according to drillers” logs '

- The BLA and CU2 formations were assigned properties from the calibrated model of
the BLA (Woodward-Clyde, 1997)

» The vertical anisotropy ratio (the ratio of horizontal to vertical hydraulic conductivity)
was constrained as follows:

- Highest in silts and cemented gravels (~ 100:1, as determined during calibration)
- Lowest in uniform sands (~ 5:1, as determined during calibration)

- Other layers in and between these extremes

2.3.4 Evolution of the Transient Calibration Process

The sequence of model parameter adjustments that resulted in the evolution of the
calibrated model is summarized below in chronological order.

1. Storage coefficients. The storage coefficients were first selected by comparing simulated
and measured response times to changes in river stages and pumping. The storage
coefficients were concluded to be somewhat higher in the silt unit and the UGS than in
the deeper zones. Final storage coefficient values were 103 in the silt unit and the UGS
(model layers 1 through 3), 104 in the intermediate and deep zones (model layers 4-7),
and 10° in underlying zones (model layers 8 through 11).

2. Company Lake recharge to groundwater. The Company Lake bed resistivity was set
equal to 50 days, based on a simulated flux of approximately 300,000 gpd through the
bed of the lake. This simulated flux is within the estimated range of leakage rates from
the water balance analysis (280,000 to 430,000 gpd). Repeated testing was performed to
evaluate whether leakage was potentially greater along the western margin of the lake
due to placement of dredged fill in the former West Company Lake. The testing indi-
cated that groundwater flow directions in the vicinity of the eastern portion of Company
Lake could not be replicated if the leakage rate through the eastern portion of Company
Lake is substantially lower than in the western portion.
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3. Groundwater inflow rates along southern model boundary. Testing was performed on

the southern boundary condition to evaluate whether the primary source of water is the
SGA or whether overlying layers (specifically, the TSA and CU2) are also important
contributors. Repeated simulations indicated that the SGA is a more significant source of
water to the model along the southern model boundary than the TSA and CU2. The flux
rate in the SGA was specified from the calibrated hydraulic conductivity value for the
SGA (50 feet/day) and from a hydraulic gradient value (0.005 feet/foot) equal to one-
half the value that was measured from regional water level maps for the area
(McFarland and Morgan, 1996). '

Aquifer hydraulic parameters in layers 9 through 11. The horizontal hydraulic conduc-
tivity and the vertical anisotropy were established for the SGA gravels in which the
production wells are completed (model layers 9 and 11). Values were established in this
layer at pumping well locations by simulating drawdowns in the aquifer equal to one-
half the measured drawdown of 40 feet recorded in both pumping wells (PW03 and
PW07) during the Fairview Farms aquifer test. The hydraulic conductivity values in
adjoining areas were then set to the values at the pumping wells, unless geologic data
indicated different material types. Repeated simulations were also performed to
evaluate whether the selection of hydraulic conductivity and vertical anisotropy terms
was resulting in reasonable simulations of the areal extent of the drawdown cones. The
horizontal hydraulic conductivity values were established as follows:

e Layer 9. A hydraulic conductivity of 225 feet/day and a vertical anisotropy of 5:1
were established at production wells PW03 and PW07, where layer 9 is composed of
well-sorted sands. Elsewhere (including at Fairview Farms well FF04), the hydraulic
conductivity value was set equal to 50 feet/day, and the vertical anisotropy was set
at 20:1 to reflect the presence of mixtures of sand and gravel lenses. These values also
coincide with the values used in the model of the East Multnomah County area
(5.S. Papadopulos and Associates, Inc., 1991).

e Layer 10. A hydraulic conductivity value of 50 feet/day and a vertical anisotropy of
20:1 were used throughout most of layer 10, based on simulations that indicated that
this layer would need to have a similar permeability as layer 9 in order to not cause
excessive drawdown cones in layer 9 and overlying layers.

e Layer 11. The horizontal hydraulic conductivity of layer 11 was set at 100 feet/day,
which is approximately one-half the value of the well-sorted sands in layer 9 and
about twice the value of the SGA sand and gravel mixtures in layer 10 and portions
of layer 9. The vertical anisotropy was selected to be 10:1. Subsequent model simula-
tions indicated that the parameter values in this layer have little effect on the calibra-
tion of model layers 1 through 8.

Zonation of horizontal hydraulic conductivity in layers 4 through 7. The zonation
patterns for the horizontal hydraulic conductivity and the vertical anisotropy ratio were
established in the model for the intermediate and deep zones (model layers 4 through 7).

Subsequent simulations focused on the values of these parameters to assign to each zone
in each layer. .
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6. Boundary conditions for the Columbia and Sandy Rivers. Repeated simulations with

various sets of horizontal and vertical conductivity values failed to provide reasonable
simulations of the observed groundwater flow patterns and the groundwater elevation
hydrographs. In particular, groundwater elevations in most layers and across much of
the site were consistently a foot or more below the observed elevations. The following
three adjustments were made to the model that resulted in improvements to simulated
groundwater flow directions and groundwater elevations:

¢ Columbia River boundary condition revision. The location of the southern
shoreline of the Columbia River was redefined at the mouth of the Sandy River.
Specifically, the shoreline was relocated northwards to account for the presence of
the sandbar at the mouth of the Sandy River. The new shoreline location was placed
at the northern edge of the bar, based on a depth sounding map (COE, 1995). The

sandbar was assigned the boundary conditions used in the lower reach of the Sandy
River.

+ Relationship of stages in the lower Sandy River and the Sandy River bar to the
Columbia River stage. The stages in the lower reach of the Sandy River and the
Sandy River bar were set equal to the stage in the Columbia River after repeated
simulations indicated that higher stages caused groundwater flow directions to be
consistently inaccurate in the area north of the COE flood control dike. Specifically,
the initial model runs simulated groundwater flow in an east-to-west direction
beneath and east of Company Lake, whereas the observed groundwater flow
direction along the northern side of Company Lake is towards the Columbia River
and the mouth of the Sandy River.

e Hydrologic role of the upper reaches of the Sandy River. The upper reaches of the
Sandy River were identified as important sources of groundwater recharge, partic-
ularly during the period when precipitation resumed in mid-September following
the dry season. The parameters describing this effect were continually evaluated
throughout the remainder of the calibration process because it was recognized that
this source of water was important for improving the sunuiated groundwater flow
directions and groundwater elevations.

Hydraulic properties in layer 4. Following the revisions to the river boundary condi-
tions, the horizontal and vertical hydraulic conductivity values were assigned to layer 4
(the upper portion of the intermediate zone). The final calibrated values were between
those used in layer 3 (the UGS) and layer 5 (the lower portion of the intermediate zone),
based on repeated model testing that suggested that hydraulic conductivities within the
sands likely increase gradually with depth through these three model layers:

Vertical anisotropy in well-sorted sands. The vertical anisotropy of the sand horizon
within the intermediate and deep zones was established by comparing the measured
and simulated differences between the intermediate-zone and deep-zone groundwater
elevations that were observed during the Fairview Farms aquifer test. Test simulations
suggested that the vertical anisotropy is on the order of 5:1 in the sand horizon, where
the intermediate and deep groundwater elevations are virtually identical. In cemented
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10.

11.

12.

gravel and silt horizons, the groundwater elevations differ by several tenths of a foot or
more, and the vertical anisotropy is estimated to be on the order of 100:1.

Hydraulic properties in layer 3 (the UGS). The horizontal and vertical hydraulic
conductivities of the UGS were the next set of parameters to be defined in the model. A
value of 5 feet/day was assigned at south landfill and areas to the west and south of
south landfill. A value of 35 feet/day was assigned in the remainder of the model
domain.

Hydraulic properties for cemented gravel horizons within the intermediate and deep
zones. The hydraulic relationship of the cemented gravel horizon was evaluated at the
beginning of the calibration process and was re-evaluated at this point in the calibration.
[This horizon is situated at various depths in the intermediate and deep zones (model
layers 4 through 7) at several of the production wells (including PW07 and PW08) and in
a broad area north and immediately west of the production wells.] It was concluded that
the cemented gravel has about one-tenth the permeability of the well-sorted sands and is
only slightly more permeable than the silt horizon. This was determined from repeated
testing of the relative permeability relationships, plus the observation that fluoride is
present above and absent below the cemented gravels in many portions of the site. Also,
earlier model simulations that assumed the permeability of the cemented gravel was as
low as the permeability of the silt unit had under-predicted groundwater elevations in
the deep zone at four wells where the cemented gravel is present (MW21, MW27,
MW29, and MW33). On the basis of multiple test simulations, the horizontal hydraulic.
conductivity value for the cemented gravel was established at 10 feet/day, and the
vertical anisotropy ratio was established at 100:1. The zonation pattern described in

item 5, above, was not revised.

Horizontal hydraulic conductivity in well-sorted sands that are present onsite in the
intermediate and deep zones. Next, the horizontal hydraulic conductivity of the sand
horizon within the intermediate and deep zones (layers 4 through 7) was raised toa
value of 225 feet/day, which is higher than the initial estimates from the aquifer testing
program. (See Tables 1-2 through 1-5.) This adjustment was made because initial model
runs simulated too much drawdown in these zones. Also, comniparisons of particle-
tracking tests and fluoride concentration contour maps in the vicinity of the scrap yard
indicated that the model was simulating insufficient lateral movement of groundwater
in the intermediate zone prior to raising the hydraulic conductivity of the sands.

Horizontal hydraulic conductivity in well-sorted sands that are present west of the
RMC plant in the intermediate and deep zones. The model simulations next focused on
the area west of the production wells, including the Fairview Farms property. The
simulations to this point had assumed that the horizontal hydraulic conductivity of the
intermediate-zone and deep-zone sand in this area was the same as for the sand in the
vicinity of the RMC wellfield. However, these model simulations produced insufficient
simulated drawdowns in the area west of the RMC wellfield. Further testing of the
model suggested that the sand horizon beneath Fairview Farms has a horizontal
hydraulic conductivity on the order of 100 feet/day, which is approximately 40 percent
of the value for the sand horizon at the RMC wellfield.
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13. Sandy River bed resistivity. The final calibration step consisted of final adjustments to
the vertical resistivity values in the bed of the Sandy River to account for differences
between the lower and upper reaches, as well as to account for apparent variations over
time in each reach. The purpose of this step was to confirm that changes in the bed
resistivity could be made that would improve the remaining discrepancies between
simulated and measured groundwater elevations and flow directions. (Consequently,
this step was also performed to confirm that no other aquifer parameters needed
adjustment.)

As discussed in Section 1.4.3, groundwater elevation data at wells located near the
Sandy River (MWO05 and MW?21) have historically shown periods when little, if any,
hydraulic communication occurs between groundwater and the river. This phenomenon
occurs during periods of sustained low river stages, particularly during the summer dry
season. In periods before and after the dry season, river stages are sufficiently high to
cause hydraulic communication with groundwater. Simulated groundwater elevations
at MW21 were too low in the UGS and the intermediate zone throughout much of the
calibration process because of a strong simulated hydraulic connection involving
groundwater discharge to the Sandy River in this area. The vertical resistivity of the bed
was raised upward by a factor of 3 for the first 6 days of the pumping test (that is, for the
period from September 4 through September 10) to reduce the simulated groundwater
discharge rate into the river and to subsequently raise the simulated groundwater eleva-
tions at MW21. This process indicated that the discrepancies in groundwater elevations
prior to this step were the result of uncertainties in the Sandy River hydraulic param-

 eters and that further changes to aquifer parameters (hydraulic conductivity, vertical
anisotropy, and storage coefficients) were not required. Consequently, the model was
considered calibrated, subject to performing particle-tracking analyses (as part of a
check of the calibration, as described in Section 2.4).

2.3.5 Description of the Calibrated Model

The calibrated model is described below in terms of the following model aspects:

o The final distribution of aquifer parameters (horizontal hydraulic conductivity values
and vertical anisotropy ratios)

e Comparisons of simulated and observed hydrographs of groundwater elevations

» Comparisons of simulated and observed groundwater flow directions

2.3.5.1 Aquifer Parameter Distribution

Figures 2-5, 2-6, and 2-7 show the simulated hydraulic conductivity distribution beneath the
RMC facility for the UGS, the intermediate zone, and the deep zone, respectively. Figure 2-8
shows the parameter distribution schematically along the west-east regional geologic cross
section A-A’ shown in Figure 1-3. Figure 2-9 shows the parameter distribution schematically
along the north-south regional geologic cross section B-B’ shown in Figure 1-4. Key aspects
of the hydraulic conductivity distribution are: '

+ The UGS appears to be more permeable (35 feet/day) north of the COE flood control
dike and in the northern and eastern fringes of the RMC facility than in the rest of the
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modeled area (5 feet/day). This is based on aquifer test results, as well as extensive
testing during model calibration. The vertical anisotropy is estimated to be 100:1 for the
UGS throughout the model domain.

o Below the UGS, the cemented gravels are somewhat more permeable (10 feet/day) than
the silt but are substantially less permeable than the well-sorted sands that are present
beneath much of the area. The cemented gravels are estimated to have a vertical
anisotropy of 100:1. The highest horizontal hydraulic conductivity (225 feet/day) is
associated with well-sorted sands that are also present beneath much of the RMC
facility. Well-sorted sands are also present beneath Fairview Farms but are estimated to
have a lower hydraulic conductivity (100 feet/day) than onsite. In both areas, the well-
sorted sands are estimated to have vertical anisotropy ratios of 5:1.

e In the intermediate and deep zones, the lowest hydraulic conductivity (0.5 foot/day) is
associated with the silt horizon that is present in layer 8 at several RMC production
wells (for example, PW03, PW07). This layer is also present in layer 9 in the western
portion of the RMC facility (for example, at monitoring well MW32).

2.3.5.2 Hydrograph Comparison

As discussed in Section 2.3.2, one of the criteria for assessing the quality of the model during
the calibration process was a comparison of measured and simulated groundwater eleva-
tions at 19 well locations. Hydrographs of the measured and simulated groundwater eleva-
tions at these locations are shown in Figures 2-10 through 2-28. (A hydrograph for pumping
well FF04 is included in Figure 2-27.) The hydrographs show that the model simulates
groundwater elevations within }; to )4 foot of the measured groundwater elevations at
most locations throughout the aquifer test.

At some wells, groundwater elevations are over-predicted (that is, are higher than actually
measured) during the second and third days of the test (September 6 and 7), most likely
because of inherent inaccuracies associated with the discretization of the Columbia River
stage during this period. Groundwater elevations also tend to be over-predicted during the
last phase of the test (when FF04 had been turned off, but PW03 and PW07 were still run-
ning) and during the short recovery period on September 30. Repeated testing of the model
suggests that these errors are the result of uncertainties in the definitions of the river stage
terms, not the result of the aquifer hydraulic parameters (that is, horizontal hydraulic
conductivity and vertical anisotropy). The uncertainties in the definitions of the river stage
terms are greatest in the Sandy River, where staff gauge readings are not available and
where precipitation events may have caused substantial changes in river stages during the
test. :

The hydrographs show some locations where groundwater elevations may be over-

predicted or under-predicted because of the choice of aquifer parameters. These locations
are:

e  MW32. Groundwater elevations in the UGS are under-predicted (that is, are lower than
actually measured) by approximately 1 foot. (See Figure 2-22.) This may be the result of
the choice of the horizontal hydraulic conductivity of the UGS, the vertical anisotropy of
the UGS, or the vertical anisotropy of the intermediate zone.
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o MW33. At this well triplet, the groundwater elevations in the UGS and the intermediate
zone are under-predicted, and the measured deep zone groundwater elevations lie
between the elevations simulated for model layers 6 and 7. (See Figure 2-23.) These
disagreements between measured and simulated groundwater elevations may be the
result of the choices of the vertical anisotropy ratios in these layers.

o FFT01 and FF06. Groundwater elevations at these wells are generally over-predicted.
(See Figures 2-27 and 2-28.) However, the simulated drawdowns resulting from turning
on FF04 (on September 18) are similar to the measured drawdowns. The discrepancies in
groundwater elevations were not further addressed during model calibration because
the datalogger records were uncertain (because of possible drifts in the datalogger
calibration during the test). This is supported by the observations at monitoring wells
MW?31 (Figure 2-21) and MW39 (Figure 2-25), which are similar distances from pumping
well FF04 and which show a good match between simulated and observed groundwater
elevations and drawdowns. Consequently, the hydraulic parameter values that were
selected beneath Fairview Farms are considered to be reasonable representations of the
aquifer system.

Figure 2-29 shows a hydrograph of the leakage from Company Lake to groundwater during
the test. The hydrograph shows that leakage rates fluctuated inversely with changes in the
stage of the Columbia River. During the test, the simulated leakage rate ranged from
approximately 0.25 to 0.33 mgd (250,000 to 330,000 gpd). This range of leakage rates is

within the range of 280,000 to 430,000 gpd estimated from the water balance analysis. (See
Section 2.3.2.)

2.3.5.3 Groundwater Flow Direction Comparison

Figure 2-30 shows the groundwater flow direction in the silt unit. The contours show a flow
pattern similar to the pattern estimated from field measurements (Plgure 1-14). Ground-
water flow is generally from south to north. Localized discharge is indicated toward Salmon
Creek. Also, a cone of depression is indicated in the eastern portion of the plant facility. The
silt unit groundwater elevations and flow directions were generally unchanged during the
course of the 26-day Fairview Farms aquifer test.

Figures 2-31 through 2-33 show groundwater elevation contours on September 9, 1997,
which was the sixth day of the aquifer test. The figures show groundwater elevation con-
tours for three model layers in which monitoring wells are present sitewide (layers 3, 5, and
7), as well as a fourth layer (layer 9) in which RMC production wells PW03 and PW(7 are
perforated. On this day, the river stage reached a low average daily value following a
continual decline during the first 5 days of the test and the period preceding the test. The
groundwater elevation contours and associated flow directions for the intermediate and
deep zones (which are most influenced by pumping) generally agree with the field observa-
tions presented in Figures 1-18 and 1-19. For the production zone (layer 9 of the model),
Figure 2-34 shows that the model simulates a localized cone of depression with ground-
water elevations as low as nearly -18 feet NGVD. The contours in Figure 2-34 show the
presence of a hydraulic divide beneath the western portion of the RMC facility. The cone of
depression extends north of the RMC production wells toward the Sandy and Columbia
Rivers, but it extends only a limited distance west of the wells.
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Figures 2-35 through 2-38 show groundwater elevation contours in the same four layers at
the end of the 15th day of the test (September 18, 1997). At this time, Fairview Farms well
FF04 had been operating for 3 hours. Also, the average daily river stage was at the highest
level recorded up to that time during the month of September. The figures show that
pumping from FF04 had a more dramatic effect on groundwater elevations and flow
patterns in the UGS and intermediate zones than pumping from the RMC production wells.
The simulated drawdown cone occupying the deep zone (Figure 2-37) and the production
zone (Figure 2-38) at FF04 was more radial in shape and more limited in areal extent than at
the RMC production wells. The groundwater elevation contours and associated flow direc-
tions for the intermediate and deep zones (which are most influenced by pumping) gener-
ally agree with the field observations presented in Figures 1-20 and 1-21.

2.3.6 Principal Conclusions from the Transient Calibration Process

The principal conclusions from the transient calibration process and the corresponding
adjustments to the conceptual hydrogeologic model are the following;:

o Vertical hydraulic gradients between the intermediate and deep zone were predom-
inantly downward throughout the RMC facility and surrounding areas during the
Fairview Farms aquifer test, including the period when only wells PW03 and PW07
were operating. Vertical gradients between the silt unit, the UGS, and the intermediate
zone are also predominantly downward during both pumping and non-pumping
periods.

e Pumping of RMC production wells that are completed in the deep zone or in the upper
portion of the SGA causes a prominent cone of depression to form in the deep zone at
and north of the RMC production wells. In this area, drawdowns and changes in flow
directions are substantial. However, only minor drawdowns and no changes in deep-
zone groundwater flow directions are observed west of the RMC production wells
because of the presence of low-permeability silt and cemented gravel horizons in this
area. Although pumping can cause drawdown in portions of the UGS and the inter-
mediate zone, the magnitudes of drawdown are small, and little if any change in
groundwater flow directions occurs.

¢ The sand horizons that make up the UGS and the intermediate zone become progres-
sively more permeable with depth. The sands in the intermediate and deep zones
appear to have similar hydraulic conductivities and very low vertical anisotropy ratios,
as indicated by water level trends during the Fairview Farms aquifer test. The sand
horizons within the intermediate and deep zones also appear to be less permeable
beneath Fairview Farms, based on model calibration analyses of drawdowns in this area
during pumping of Fairview Farms well FF04. -

o Leakage rates from Company Lake to underlying groundwater during the Fairview
Farms aquifer test are estimated to have been between 280,000 and 430,000 gpd from a
water balance analysis. The transient calibration process suggested that the leakage rate
from Company Lake was on the order of 300,000 gpd. The transient calibration process
also indicated that leakage is likely occurring beneath the entire bed and that the
western portion of the lake does not contribute the majority of the leakage.
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. e The stage in the first mile of the Sandy River (above its mouth) is governed by the stage
in the Columbia River. This portion of the Sandy River has a seasonal hydraulic connec-

tion with groundwater, with little connection occurring during the dry summer months
when river stage is low. :

e The stages in farther upstream reaches of the Sandy River are governed by precipitation
patterns within the watershed of the river. The upper reaches of the Sandy River (south
of the RMC facility) are an important source of groundwater to the UGS, intermediate,
and deep zones beneath the RMC facility.

2.4 Calibration Check

As a check on the quality of the calibrated model, three-dimensional particle-tracking was
performed to evaluate whether the model was capable of simulating the three-dimensional
groundwater flow patterns that have resulted in the presence of fluoride in groundwater
beneath portions of the RMC facility. As discussed in Section 4 of the Draft Groundwater
Remedial Investigation Report (CH2M HILL, in progress), fluoride is present in groundwater
beneath the site at concentrations exceeding its MCL (4 mg/L). The portion of the ground-
water system containing fluoride above the MCL is for the most part restricted to onsite
areas, including areas north of the COE flood control dike. A small area of elevated fluoride
is present just west and southwest of Company Lake outside the RMC plant boundary. The
portion of the fluoride plume that is present in the intermediate and deep zones appears to

l. be centered around the RMC production wells and results from fluoride loading from two
principal areas:

o Scrap yard, which is believed to be the primary source of the portion of the plume south
of the production wells

o Company Lake, which is believed to be the primary source of the portion of the plume
north of the production wells

The site data suggest that the presence of the fluoride plume in the intermediate and deep
zones is attributable to the presence of natural downward gradients from the silt unit and
the UGS into the intermediate zone at scrap yard and Company Lake, plus the creation of
strong downward gradients from the intermediate zone to the deep zone by pumping of the
RMC production wells. An additional cause for fluoride migration from scrap yard and

and debris areas in the South Plant (south landfill and east potliner).

Particle tracking was performed using the aquifer parameters from the calibrated model and
using steady-state groundwater elevations calculated by the model for historical pumping
conditions at the site. Because pumping has fluctuated historically, two simulations were
performed. The first simulation used pumping rates and locations that represented plant
operations from January 1990 through October 1991. During this period, the long-term
average pumping rate was 1,800 gpm from wells PW03 (320 gpm), PW07 (580 gpm), PW08
(600 gpm), and PW10 (300 gpm). Because this period represented a period of sustained plant

‘ activity (including operation of all five potlines), this simulation was assumed to consider
the effects of the maximum historical pumping operations. Because operations were less
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from 1992 through 1997, it was also decided to simulate a no-pumping scenario (even
though limited groundwater uses continued during this period). The purpose of this second
simulation was to evaluate how a sustained period of no pumping might explain minor
deviations that were observed between the fluoride plume and the historical pumping
simulation results.

For both simulations, the stage in the Columbia River and the lowest 1-mile reach of the
Sandy River was maintained at 9.5 feet NGVD, which is the highest daily average stage
observed during the Fairview Farms aquifer test and is a reasonable approximation of the
long-term average annual stage. The precipitation infiltration rate was maintained at the
same rates used in the simulation of the Fairview Farms aquifer test. The model was run in
steady-state mode for both simulations. The following subsections describe the results of
each simulation, including the travel times associated with the groundwater flow paths that
were traced in each simulation.

2.4.1 Historical Pumping Simulation

The flow model illustrates how pumping is responsible for the current configuration of the
fluoride plume. Figures 2-39 through 2-42 show the simulated groundwater elevation
contours and flow directions for the historical pumping simulation. As with the contours for
the early portion of the Fairview Farms aquifer test [when only the RMC production wells
were operating (Figures 2-31 through 2-34)], the cone of depression resulting from long-
term historical pumping of the RMC production wells is most prominent in the deep zone
and the layer from which pumping is occurring.

Figure 2-43 shows a legend for maps that show the simulated three-dimensional movement
of imaginary particles that were initiated in the model at scrap yard, south landfill, east
potliner, MW33, and Company Lake (see Figures 2-44 through 2-48). Each map shows the
traces of particles that are initiated at various depths and locations in the model and tracked
forward in time to delineate groundwater flow paths. The change in color along the length
of a given particle trace illustrates the vertical movement of the particle through the ground-
water system. The figures compare the particle traces with the current configuration of the
fluoride plumes in groundwater, which are defined by concentrations exceeding the MCL.
The figures also compare particle traces under various pumping scenarios for the RMC
production wells. Specific observations and conclusions from the figures are as follows:

» Figures 2-44 and 2-45 together suggest that the configuration of the groundwater plume
in the intermediate zone south of the RMC production wells is the result of fluoride
migration from the scrap yard soil and debris area. For both flgures, particles were
initiated in the model at the top of the UGS and traced forward in time. Figure 2-44
shows that particles initiated at scrap yard are traced to production well PW08. The
figure shows that the existing fluoride plume in the intermediate zone conforms closely
in shape to the particle traces between scrap yard and PWO08. In contrast, Figure 2-45
shows that the traces of particles initiated at south landfill and east potliner generally lie
outside the plume, except where they lie close to the production wells. This is consistent
with the understanding that these two soil and debris areas are not primary contributors
of fluoride to the intermediate zone.
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o Figure 2-46 shows that fluoride that is present in the intermediate and deep zones at
MW33 migrates to PW08 under the historical pumping scenario. Groundwater at this
location is captured by well PW08 because this well (unlike PW03, PW07, and PW10)
has a portion of its perforated interval located within the deep zone.

o Figure 2-47 shows the traces of particles that are initiated at the perimeter of the
Company Lake wastewater treatment pond under the long-term average pumping
scenario. The traces show that water from the pond recharges groundwater and that
groundwater moves radially away from the pond. Particles initiated along the southern
and eastern perimeters of the pond are captured by the production wells. In contrast,
particles initiated around the remainder of the pond are beyond the zone of influence of
the production wells and, therefore, discharge to the Columbia River or the Sandy River
bar (which extends into the Columbia River from the mouth of the Sandy River). The
particle traces conform well to the presence of fluoride in the UGS and the intermediate
zone in areas north of the RMC production wells.” However, the traces do not include
portions of the intermediate zone fluoride plume lying southwest of Company Lake.

The presence of fluoride in this area may be attributable to pumping from former
production wells PW01 and PW16, which have not operated in many years and were not
simulated in the historical pumping run. Also, as shown in the figure, some particles
migrate northeast from Company Lake toward the Sandy River but are pulled back
towards the RMC production wells rather than discharging to the river. These particles
migrate downward into the intermediate and deep zones as they move toward the
Sandy River and then into the zone of influence of the production wells. The absence of
the fluoride plume in this area suggests that groundwater movement occurs at limited
rates that prevent substantial fluoride loading to the intermediate and deep zones along
these particle traces.

o The migration of particles from Company Lake toward the production wells indicates
that the presence of fluoride in intermediate- and deep-zone groundwater between the
pond and the production wells arises from fluoride loading from the pond, rather than
migration of fluoride from scrap yard to areas near the pond. This is illustrated in
Figure 2-48, which shows the combined particle traces from scrap yard and Company
Lake under the long-term average pumping scenario.

2.4.2 No-Pumping Simulation

Figures 2-49 through 2-52 show the simulated groundwater elevation contours and flow
directions for the historical pumping simulation. The figures show a northerly to north-
westerly groundwater flow direction in all layers. Figures 2-53 through 2-57 show particle
traces from the same initial locations as shown in the figures for the historical pumping
simulation (Figures 2-44 through 2-48). The primary observations from Figures 2-53 through
2-57 are the following:

e Figure 2-53 shows that groundwater in the UGS along the northern perimeter of scrap
yard would migrate toward, and discharge to, the Sandy River under a sustained period

. 7 See Section 4 of the Draft Groundwater Remedial Investigation Report (CH2M HILL, in progress) for discussions of the
nature and extent of fluoride in groundwater beneath the RMC facility. '
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of no pumping beneath the RMC facility. The particle traces also show that groundwater
first migrates into the upper portion of the intermediate zone before eventually migrat-
ing back up into the UGS for eventual discharge to the Sandy River.

+ Figure 2-54 shows the traces of particles that are initiated at south landfill and east
potliner for a no-pumping scenario. The flow paths extending from south landfill are
perpendicular to the alignment of the intermediate zone plume of fluoride. These traces
and the traces from east potliner both extend in a northeasterly direction, which is
perpendicular to the flow direction observed at the site under historical pumping
conditions.

e TFigure 2-55 shows that groundwater in the intermediate and deep zones at MW33
would migrate toward the Sandy River under a sustained period of no pumping.

» Figures 2-56 and 2-57 show particle migration from Company Lake under the no-
pumping scenario. Figure 2-56 shows that particles initiated along the northern side of
Company Lake move as they do in the pumping scenario (Figure 2-47). However,
particle movement from the southern perimeter of Company Lake is quite different
under no-pumping conditions (Figure 2-57) than under pumping conditions
(Figure 2-47). Under no-pumping conditions, particles initiated along the southern
perimeter move in a northerly direction after migrating into the intermediate zone
beneath Company Lake. ' '

As shown in Figures 2-53 through 2-57, the particle traces under the no-pumping scenario
lie in generally different areas than the fluoride plumes, particularly south of the COE flood
control dike. Consequently, the no-pumping analysis does not describe the minor deviations
between the plume configuration and the particle traces for the historical pumping scenario.
As discussed previously, the discrepancies may arise from the estimation of pumping rates
used in the historical pumping simulation, as well as from former operation of wells that are
no longer active or present at the site (particularly PW01 and PW16).

2.4.3 Travel Times

Table 2-2 summarizes groundwater travel times to discharge locations for the flow paths
that were shown in the particle trace maps.8 The table shows the following:

e Groundwater travel times from scrap yard to the production wells (under pumping
conditions) are between 10 and 15 years, based on the initiation of particles at the
geologic contact between the silt unit and the UGS. In contrast, the travel time is
substantially longer under no-pumping conditions. This result is partly attributable to
the longer groundwater flow paths under non-pumping conditions. However, it is also
partly attributable to increases in groundwater velocities in the UGS, in the intermediate
zone, and in the deep zone that arise from pumping of the production wells.

. 8 The travel times shown in Table 2-2 are based on an assumption that the effective porosity of the aquifer system is'O.20.
Lower effective porosities would decrease the travel times proportionally from those shown in the table.
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¢ Travel times at south landfill under pumping and non-pumping conditions are similar
to those at scrap yard. For east potliner, which is located closer to the Sandy River than
south landfill and scrap yard, the travel times are similar under pumping and non-
pumping conditions although the flow paths and discharge locations are different.

The travel times and discharge points for groundwater at Company Lake vary greatly
around the perimeter of the pond under both pumping and non-pumping conditions. For
both conditions, travel times are shortest for particles along the north side of the pond,
which discharge to the Sandy River and the Sandy River bar over periods of 10 to 15 years.
The maximum groundwater travel time to the Columbia River is 30 years under non-
pumping conditions, but 60 years under pumping conditions because of enhanced vertical
migration caused by sitewide water level drawdown induced by the pumping wells. (See
Figures 2-47 and 2-57.) Under pumping conditions, travel times from Company Lake to the
production wells are as long as 75 years or more based on the substantial lengths of the
groundwater flow paths from the pond to the wells. (See Figure 2-47.)

2.4.4 Conclusions of Calibration Check

In conclusion, the model is capable of simulating the distribution of fluoride in the UGS and
the intermediate zones. Minor discrepancies are associated with the variability of historical
pumping rates and the associated uncertainties in those rates. The model not only traces the
distribution of fluoride laterally and vertically, but also simulates travel times that are
sufficiently short with respect to the facility’s operating life that they explain the presence of
fluoride in site monitoring wells and production wells.
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Table 1-1
Site-Scale Cross Sections: Objectives and Alignment Selection

Section Objective Alignment
c-C Section along regional groundwater flow From lone Reef in Columbia River (northwest) to

direction Troutdale Airport well (southeast)
D-D Section along western plant boundary From lone Reef (north) to MW 12 (south)
E-E Section along southern side of flood control dike | From MW31 (west) to MW 10 (east)
F-F Section along Sandy River's western bank From MWO0S8 (northwest) to MW 10 {southeast)
G-G' Section through Fairview Farms and just south From FF06 (west) to Troutdale Airport well

of plant (southeast)
H-H’ Section using logs for RMC and Bonneville From PW18 (west) to PW08 (east)

Power Administration (BPA) production wells

north of the potlines
J-J’ Compare MW21 and MW27 and estimate From west of MW30 fo east of MW21

layering near Columbia and Sandy Rivers
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Table 1-2
Statistical Analyses of Silt Unit Hydraulic Test Results
Estimated
Aquifer Hydraulic
Transmissivity | Thickness | Estimated Hydraulic | Conductivity Log 10
Well # Well Type Well Location Test Type | Analysis Method (f¥/min) (ft) Conductivity (ft/min) (ft/day) Transformation
Slug Tests

MW11-017 | Shallow (silt) East Potliner Slug Test | Bower and Rice 0.0035 25 - 7.1E-05 0,20 -0.70
MW15-024 | Shallow (silt) Perimeter Slug Test | Bower and Rice 0.0002 25 4.2E-06 0.01 -1.92
MW12-021 | Shallow (silt) Perimeter Slug Test | Bower and Rice 0.0050 25 1.0E-04 0.29 -0.54
MWO03-017 | Shallow (silt) Perimeter Slug Test | Bower and Rice 0.0300 25 6.1E-04 17 0.24
MWO05-025 | Shallow (silt) Perimeter Slug Test | Bower and Rice 0.0350 25 7.1E-04 20 0.30
MW06-024 | Shallow (silt) Perimeter Slug Test | Bower and Rice 0.0750 25 1.5E-03 4.3 0.64
MWO02-024 | Shallow (silt) Scrap Yard Slug Test | Bower and Rice 0.0223 25 4.5E-04 1.3 0.11
MW10-023 [ Shallow (silt) South of Dike Slug Test | Bower and Rice 0.0500 25 1.0E-03 29 0.46
MWO07-024 | Shallow {silt) South of Dike Slug Test | Bower and Rice 0.0775 25 1.6E-03 4.5 0.65
MWO04-019 | Shallow (silt)|  South Wetlands Slug Test | Bower and Rice 0.0011 25 2.3E-05 0.06 -1.19
MW18-016 | Shallow (silt)| South Wetlands Slug Test | Bower and Rice 0.0098 25 2.0E-04 0.56 -0.25
MW17-028 | Shallow (silt)|  South Wetlands Slug Test | Bower and Rice 0.0245 25 5.0E-04 1.4 0.15
MW17-016 [ Shallow (silt})|  South Wetlands Slug Test | Bower and Rice 0.0925 25 1.9E-03 5.3 0.73

Standard Deviation 1.83 0.79

Arithmetic Mean 1.89 -0.10

Aquifer Thickness = 25 ft, Geometric Mean 0.79
Possible Outliers

MW21-012 | Shallow (silt) North Landfill Slug Bower and Rice 0.5250 25 1.1E-02 30.24 1.48
MWO01-019 | Shallow (silt)| Along South Ditch Slug Bower and Rice 0.3472 25 7.1E-03 20 1.30
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Table 1-3
Statistical Analyses of Upper Gray Sand Hydraulic Test Results
Estimated
, Aquifer Hydraulic
Well Transmissivity | Thickness | Estimated Hydraulic | Conductivity Log10
Well # Type Well Location Test Type |Analysis Method (t/min) (ft) Conductivity (ft/min) (ft/day) Transformation
Slug Tests
MW27-045| Shallow | Adjacent to Company Lake| Slug Test | Bower and Rice 0.6000 50 0.01200 17.28 1.24
MW38-035| Shallow Along Salmon Creek Slug Test | Bower and Rice 0.0900 50 0.00180 2,59 0.41
MW32-040{ Shallow Bakehouse Slug Test | Bower and Rice 0.0600 50 0.00120 1.73 0.24
MW34-038| Shallow East Potliner Slug Test | Bower and Rice 0.0900 50 0.00180 2.59 0.41
MW31-034| Shallow Fairview Farms Slug Test | Bower and Rice 0.0900 50 0.00180 2.59 0.41
Near Gresham Sand and °
MW30-080| Shallow Gravel Slug Test | Bower and Rice 1.8600 50 0.03720 53.57 173
MW21-025| Shallow North Landfill Slug Test | Bower and Rice 0.3300 50 6.6E-03 9.50 0.98
MW08-027| Shallow Perimeter Slug Test | Bower and Rice 1.7014 50 3.4E-02 49.00 1.69
MW33-033| Shallow Scrap Yard Slug Test Bower and Rice 1.5800 50 0.03180 45,50 1.66
MW29-033| Shallow South of Dike Slug Test | Bower and Rice 0.4700 50 0.00940 13.54 1.13
MW37-030!| Shallow South Wetlands Slug Test | Bower and Rice 0.2300 50 0.00460 6.62 0.82
Standard Deviation 20.44 0.56
Arithmetic Mean 18,59 0.97
Geometric Mean 9.44
Short-Term Tests
MW38-035] Shallow | Along Salmon Creek | Short Term | Confined Thies | 0.0520 | 50 | 0.00104 | 1.4976 | 0.18
Possible Outliers
MW35-038| Shallow East Potliner Slug Test | Bower and Rice 3.7300 - 50 0.07460 107.42 2.03
MW09-030( Shallow North Landfill Slug Test | Bower and Rice 3.4722 50 6.9E-02 100.00 2.00
MW25-035| Shallow Scrap Yard Slug Test | Bower and Rice 0.0013 50 2.6E-05 0.04 -1.43
MW18-031] Shallow South Wetlands Slug Test | Bower and Rice 0.0078 50 1.6E-04 0.22 -0.65
MW38-035{ Shallow Along Salmon Creek Short Term Recovery 0.0040 50 0.00008 0.1152 -0.94
MW38-035| Shallow Along Salmon Creek Short Term Jacob 0.0240 50 0.00048 0.6912 -0.16
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Table 1-4
Statistical Analyses for Intermediate Aquifer Hydraulic Test Results
Estimated
Aquiter Hydrautic
Screened Transmissivity | Thickness | Estimated Hydraulic Conductivity Log10
Well # Well Type Well Location Materials Test Type Analysis Method (ft%/min) (ft) Condugctivity (ft/min) (ft/day) Transformation
Slug Tests
MW27-081 | Intermediate| Adjacent to Company Lake Sand Slug Test Bower and Rice 10.5800 100 0.10580 152.35 218
MW32-095 | intermediate Bakehouse Sand Slug Test Bower and Rice 14.1200 100 0.14120 203.33 2.31
MW31-095 | Intermediate Fairview Farms Sand Slug Test Bower and Rice 8.3000 100 0.08300 119.52 2,08
MW30-100 | ntermediate| "°*" Greé':zxr:;lsand e Sand Slug Test Bower and Rice 14.9600 100 014960 215.42 2.33
MW21-063 | Intermediate North Landfill Sand Slug Test Bower and Rice 13.1000 100 0.13100 188.64 208
MW12-092 | Intermediate Perimeter Sand Slug Test Bower and Rice 7.7000 100 0.07700 110.88 2.04
MW03-098 | Intermediate Perimeter Sand Slug Test Bower and Rice 11.2800 100 0.11280 162.43 221
MW15-086 | Intermediate Perimeter Sand Slug Test Bower and Rice 11.5200 100 0.11520 165.89 222
MW233-095 | Intermediate Scrap Yard Sand Slug Test Bower and Rice 10.8800 100 0.10880 156.67 219
MW06-094 | intermediate South of Dike Sand Slug Test Bower and Rice 8.3200 100 0.08320 119.81 2,08
MW29-090 | Intermediate South of Dike Sand Slug Test Bower and Rice 11.5200 100 0.11520 165.89 222
MW10-090 | Intermediate South of Dike Sand Slug Test Bower and Rice 11.8400 100 0.11840 170.50 2,23
’ Standard Deviation 31.20 0.09
Arithmetic Mean 160.94 2.20
Geometric Mean 157.81
Short-Term Tests
MW27-081 | Intermediate) Adjacent to Company Lake Sand Short Term Test | Confined Cooper-Jacob 5.1170 100 0.05117 7368 1.87
MW27-081 | Intermediate| Adjacent to Company Lake Sand Short Term Test | Confined Thies Recovery 121500 100 0.12180 174.96 224
MW27-081 | Intermediate| Adjacent to Company Lake Sand Short Term Test Confined Thies 12.8700 100 0.12870 185.33 2.27
MW32-095 | Intermediate Bakehouse Sand Short Term Test Confined Thies 5.9230 100 0.05923 85.29 1.93
MW32-095 | Intermediate Bakehouse Sand Short Term Test | Confined Cooper-Jacob 7.8250 100 0.07825 112.68 2.05
MW32-095 | Intermediate Bakehouse Sand Short Term Test | Confined Thies Recovery 12.0800 100 0.12080 173.95 2.24
MW06-094 | Intermediate South of Dike Sand Short Term Test | Confined Thies' Recovery 15.2500 100 0.15250 219.60 234
MW06-094 | Intermediate South of Dike Sand Short Term Test | Confined Cooper-Jacob 3.0700 100 0.03070 44.21 1.65
MW06-094 | Intermediate South of Dike Sand Short Term Test Confined Thies 3.6700 100 0.03670 52.85 1.72
Standard Deviation 61.08 0.24
Arithmetic Mean 124.73 2.03
Aquifer thickness = 100 ft. Geometric Mean 108,30 2,02
Fairview Farms Aquifer Test
FFTO1 |intermediate Fairview Farms Sand FFO4/Datalogger Recovery Theis 38.1700 300 0.12723 183.22 2.26
FFTO1  [Intermediate Fairview Farms Sand FFO4/Datalogger| Papadopulos-Cooper 38.2900 300 0.12763 183.79. 226
FFTO1 | Intermediate Fairview Farms Sand FFO4/Datalogger| Confined Cooper Jacob 40,8200 300 0.13607 195.94 2.29
FETO1 | Intermediate Fairview Farms Sand FFO4/Datalagger Confined Theis 41,3200 300 013773 198.34 2.30
Standard Deviation 6.87 0.02
Arithmetic Mean 180.32 2.28
Geometric Mean 190,20 2.28
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Table 1-5
Statistical Analyses of Deep Aquifer Hydraulic Test Results
Estimated
Aquifer Hydraulic
Screened Transmissivity | Thickness | Estimated Hydraulic | Conductivity Log10
Well # Well Type Well Location Materials Test Type Analysis Method (ft*/min) (ft) Conductivity (ft/min) (f/day) Transformation
Eastern Half of Site
MW10-165 Deep South of Dike Sand Short Term Test Confined Theis 2.4600 200 0.01230 18 1,25
MW10-165 Deep South of Dike Sand Short Term Test Confined Cooper Jacob 5.3440 200 0.02672 38 1.59
MW10-165 Deep South of Dike Sand Short Term Test Recovery Theis 12,4800 200 0.06240 90 1.95
Standard Deviation 30.32 0.29
Arithmetic Mean 48.68 1.60
Geometric Mean 39.42 1.57
MW21-176 Deep North Landfill Sand/Gravel Slug Test Bower and Rice 18.8889 200 0.00444 136 213
MW10-165 Deep South of Dike Sand/Gravel Slug Test Bower and Rice 10,9722 200 0.05486 79 1.90
MW33-165 Deep Scrap Yard Sand/Gravel Slug Test Bower and Rice 17.4800 200 0.08740 126 2,10
Standard Deviation 24.83 0.10
Arithmetic Mean 113.62 2.04
Geometric Mean 110.58 2.04
Mw21-176 Deep North Landfill Sand/Gravel PW3&7/Hand/Corrected Papadopulos-Cooper 8.7850 300 0.02928 4217 1.62
MW21-176|  Deep North Landfill Sand/Gravel | PWS3&7/Hand/Corrected Confined Theis 9,0110 300 0.03004 43.25 1.64
MW21-176 Deep North Landfill Sand/Gravel PW3&7/Hand/Corrected | Confined Cooper Jacob 18.8200 300 0.06273 90.34 1.96
MW33-165 Deep Scrap Yard Sand/Gravel PW3&7 DL Papadopulos-Cooper 44,6700 300 0.14890 214.42 2.33
MW33-165 Deep Scrap Yard Sand/Gravel PW3&7 DL Confined Theis 45,7800 300 0.16260 219.74 234
MW33-165 Deep Scrap Yard Sand/Gravel PW3&7 DL Confined Cooper Jacob 24,6400 300 0.08213 118.27 2.07
Standard Deviation 72.67 0.29
Arithmetic Mean 121.36 1.99
Geometric Mean 98.59 1.97
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Table 1-5
Statistical Analyses of Deep Aquifer Hydraulic Test Results
Estimated
Aquifer Hydraulic
Screened Transmissivity | Thickness | Estimated Hydraulic | Conductivity Log10
Well # Well Type Well Location Materials Test Type Analysis Method (ft®/min) (ft) Conductivity (ft/min) (ft/day) Transformation

Site Center

MW27-176 Deep Adjacent to Company Lake| Sand/Gravel Short Term Test Recovery Theis 2.1470 200 0.01074 15.458 1.19

MW27-176 Deep Adjacent to Company Lake | Sand/Gravel Shott Term Test Confined Theis 4.2340 200 0.02117 30.485 1,48

MWO03-178 Deep Perimeter Sand Short Term Test Confined Cooper Jacob 4.6770 200 0.02339 33.674 1.53

MWO03-175 Deep Perimeter Sand Short Term Test Confined Theis 7.9870 200 0.03994 57.508 1,76

Standard Deviation 15.07 0.20

Arithmetic Mean 34.28 1.49

. Geometric Mean 30.91 1.48

Mw27-176| Deep | Adjacent to Company Lake| Sand/Gravel Slug Test Bower and Rice 20.4167 200 0.10208 147 217

MW28-160 Deep Bakehouse Sand Slug Test Bower and Rice 25,7200 200 0.12880 185 2,27

MwW32-165 Deep Bakehouse Sand Slug Test Bower and Rice 26.6000 200 0.13300 192 228

MWO03-175| .  Deep Perimeter Sand Slug Test Bower and Rice 23.7500 200 0.11875 171 2.23

Standard Deviation 17.10 0.04

Arithmetic Mean 173.68 224

Geometric Mean 172.80 224

MW28-160 Deep Bakehouse Sand PW3&7 DL Papadopulos-Cooper 35.3500 300 0.11783 169.68 223

MW28-160| Deep Bakehouse Sand PW3&7 DL Confined Theis 31.4700 300 0.10490 151.06 2.18

MW28-160 Deep Bakehouse Sand PW3&7 DL Confined Cooper Jacob 23.3400 300 0.07780 112.03 2,05

MW32-185 Deep Bakehouse Sand PW3&7 DL Cor Papadopulos-Cooper 22,0400 300 0.07347 105.79 202

MW32-185 Deep Bakehouse Sand PW3&7 DL Cor Confined Theis 24,1700 300 0.08057 116.02 2.06

MW32-165 Deep Bakehouse Sand PW3&7 DL Cor Confined Cooper Jacob 23,1200 300 0.07707 110.98 2.05

MW32-165| Deep Bakehouse Sand FF04/Datalogger Papadopulos-Cooper 28.8200 300 0.09607 138.34 2.14

MW32-185( Deep Bake house Sand FF04/Datalogger Confined Theis 25,1100 300 0.08370 120.53 2.08

MW32-165 Deep Bakehouse Sand FF04/Datalogger Confined Cooper Jacob 48.3800 300 0.16127 232.22 2.37

MWO03-175 Deep Perimeter Sand FFO4/Datalogger Papadopulos-Cooper 17.3300 300 0.05777 83.18 1.92

MWO03-175 Deep Perimeter Sand Fro4/Datalogger Confined Theis 19.4200 300 0.06473 93.22 197

MWO03-175 Deep Perimeter Sand PW3&7 DL Papadopulos-Cooper 37.6200 300 0.12540 180.58 2.26

MWO03-175 Deep Perimeter Sand PW3&7 DL Confined Theis 36.2700 300 0.12080 174.10 2.24

MWO03-175 Deep Perimeter Sand PW3&7 DL Cantined Cooper Jacob 24.7000 300 0.08233 118.56 2.07

Standard Deviation 39.41 0.12

Arithmetic Mean 136.16 2.12

Geometric Mean 130.99 2.1
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Table 1-5
Statistical Analyses of Deep Aquifer Hydraulic Test Resuits
Estimated
Adquifer Hydraulic
Screened Transmissivity | Thickness | Estimated Hydraulic | Conductivity Log10
Well # Well Type Well Location Materials Test Type Analysis Method (f¥min) (ft) Conductivity (ft/min) (ft/day) Transformation
Western Site and Fairview Farms
MW15-175 Deep Perimeter Sand Slug Test Bower and Rice 5.4000 200 0.02700 39 1.59
MW12-184| Degp Perimeter Sand Slug Test Bower and Rice 9.2400 200 0.04620 67 1.82
MW06-176 Deep South of Dike Gravel Slug Test Bower and Rice 16.7600 200 0.08380 121 2.08
: Standard Deviation 33.97 0.20
Arithmetic Mean 75.36 1.83
Gieometric Mean 67.83 1.82
FFO6 Deep Fairview Farms Sand/Gravel FF04/Datalogger Papadopulos-Cooper 26.4100 300 0.08803 126.77 210
FFO6 Deep Fairview Farms Sand/Gravel FFo4/Datalogger Confined Theis 27.5200 300 0.090173 132,10 212
FF08 Deep Fairview Farms Sand/Gravel FF04/Datalogger Confined Cooper Jacob 34.5500 300 0.11517 165.84 2.22
FF04 Deep Fairview Farms Gravel in SGA FF04/Datalogger Recovery Theis 37.4800 300 0.12493 179.90 2.26
MW12-184 Deep Perimeter Sand FFo4/Hand Papadopulps-Cooper 17.4000 300 0.05800 83.52 1.92
MW12-184 Deep Perimeter Sand FFo4/Hand Confined Theis 19.8400 300 0.06613 95.23 1.98
Mw12-184 Deep Perimeter Sand FF04/Hand Confined Cooper Jacob 29,7500 300 0.09917 142.80 2.15
MW1i2-184 Deep Perimeter Sand FF04/Hand Recovery Theis 39.0800 300 0.13027 187.58 2.27
MW15-175 Deep Perimeter Sand FF04/Datalogger Papadopulos-Cooper 31.0000 300 0.10333 148.80 2.17
MW15-175|  Deep Perimeter Sand FF04/Datalogger Confined Theis 31.2200 300 0.10407 149.86 2.18
MW15-175(  Deep Perimeter Sand FF04/Datalogger Confined Cooper Jacob 29.2200 300 0.09740 140.26 215
MW15-175 Deep Perimeter Sand FF04/Datalogger Recovery Theis 34.3800 300 0.11460 165:02 2.22
MWO08-176 Deep South of Dike Gravel FFO4/Datalogger Papadopulos-Cooper 31.6400 300 0.10547 151.87 218
MW06-176|  Deep South of Dike Gravel FFO4/Datalogger Confined Theis 30.7800 300 0.10260 147.74 217
MWO06-176|  Deep Bouth of Dike Gravel FF04/Datalogger Confined Cooper Jacob 34.1600 300 0.11387 163.97 2,21
MWO06-176 Deep South of Dike Grave! FF04/Datalogger Recovery Theis 44.2000 300 0.14733 212,16 2.33
Standard Deviation 30.90 0.10
Arithmetic Mean 149.59 2.186
Geometric Mean 146.06 2.16
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Table 1-5
Statistical Analyses of Deep Aquifer Hydraulic Test Results
Estimated
Aquifer Hydraulic
Sereened Transmissivity | Thickness | Estimated Hydraulic | Conductivity Log10
Well # Well Type Well Location Materials Test Type Analysis Method (ft’/min) (ft) Conductivity (ft/min}) (ft/day) Transformation
Possible Outliers
FF04 Deep Fairview Farms Gravel in SGA FF04/Datalogger Papadopulos-Cooper 4.2600 300 0.01420 20.45 1.31
FFO4 Deep Fairview Farms Gravel in SGA FF04/Datalogger Confined Theis 14.4400 300 0.04813 69.31 1.84
FFO4 Deep Fairview Farms Gravel in SGA FF04/Datalogger Confined Cooper Jacob 6.4970 300 0.02166 31.19 1.49
MW27-176 Deep Adjacent to Company Lake Gravel Short Term Test Confined Cooper Jacob 0.3490 200 0.00175 2,513 0.40
MW32-165 Deep Bakehouse Sand FFQ4/Datalogger Recovery Theis 56.6500 300 0.18883 271.92 243
MWO08-169 Deep Perimeter Gravel Short Term Test Recovery Theis 0.0066 200 0.00003 0.048 -1.32
MWO08-169|  Deep Perimeter Gravel Short Term Test Confined Cooper Jacob 0.0910 200 0.00046 0.656 -0.18
MW08-169|  Deep Perimeter Gravel Short Term Test Confined Theis 0.1040 200 0.00052 0.749 -0,13
MWO03-175 Deep Perimeter Sand Short Term Test Recovery Theis 42,1600 200 0.21080 303.552 2:48
MW03-175 Deep Perimeter Sand FEQ4/Datalogger Confined Cooper Jacob 75.9500 300 0.25317 364.56 2.56
MW29